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Computational modeling provides tools to explore diarthrodial joint function in normal, 
various pathological and disease states as well as predicting the performance of various treatment 
options.  This work expands upon recently created patient specific models of Adult Acquired 
Flatfoot Deformity (AAFD) with new design features and explores their predictive capabilities to 
examine efficiency of surgical procedures used for treatment of AAFD.  AAFD’s progressive 
collapse of the medial longitudinal arch caused by the chronic degeneration of the soft tissue 
support structures culminates in unnatural loading conditions leading to pain as well as other 
bone deformation or arthritic changes.  Moderate cases of AAFD call for surgical interventions 
involving a tendon transfer and one or two bony procedures.  We investigated the outcomes of 
one hindfoot and three lateral column procedures: Medializing Calcaneal Osteotomy (MCO), 
Evans osteotomy, Calcaneocuboid Distraction Arthrodesis (CCDA), Z osteotomy and the 
combination procedures MCO & Evans osteotomy, MCO & CCDA, and MCO & Z osteotomy 
all used in combination with aforementioned tendon transfer.  The models behavior were 
x 
 
governed solely by patient bodyweight, soft tissue constraints, and joint contact without the 
assumption of ideal joints.  The simulations illustrated the models’ ability to accurately depict 
foot/ankle kinematics while yielding the capability to measure and compare the resulting 
radiographic distance and angular measurements, joint contact and ground reaction forces, and 
ligament stain changes for each surgical case.  The combination MCO & Evans and MCO & Z 
procedures were shown to provide the greatest amount of correction for both forefoot abduction 
and hindfoot valgus.  However, these two procedures significantly increased the joint contact 
force, specifically at the calcaneocuboid joint, and ground reaction force along the lateral 
column.  With exception to the lateral bands of the plantar fascia and the middle spring ligament, 
the strain present in the plantar fascia, spring, and deltoid ligaments decreased after the addition 
of all procedures.  The use of the computational models is this study provided the ability to 
investigate hypothetical surgical corrections not performed on the original cohort shedding 
insight into possible pre-op indicators to the success lateral column procedures. 
 
1 
 
 
1. Introduction 
 
1.1 Overview of Computational modeling 
The use of Computer-aided Design (CAD) has been continually growing both in its use 
and popularity in musculoskeletal biomechanics.  This is mainly due to the fact that the 
computational models have the ability to analyze the structure and function of physiological 
systems in hopes to provide the capability of analyzing biomechanics of joint function in normal 
pathological and diseased states.  These computational models are able to replicate cadaveric 
studies and expand on their protocols by performing multiple testing scenarios on a model setup 
at little cost (excluding the initial cost of the software package) when compared to cadaveric 
studies.  The lower cost and resource consumption per testing scenario also provides the models 
with the ability to perform hypothetical scenarios which would never be attempted during 
cadaveric studies due to limited resources.  Within the musculoskeletal system, simulations as 
such can be used to measure contact force between joints, range of motion, behavior of bony 
anatomy after the implementation of corrective procedures or implants by analyzing the 
stress/strain behavior as well as the motion parameters.  With these possible applications at 
researchers’ disposal, computational models are being used to study joint kinematics in the foot 
and ankle, wrist, elbow, and shoulder as well as stress strain relationships between prosthetics 
implanted into different areas of the body. 
1.2 Uses of Computational modeling 
When modeling joints or other sections of the musculoskeletal system, researchers tend 
to use one of the most common computational modeling techniques known.  Finite Element 
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Analysis (FEA) is used for its ability to measure the deformation that occurs as a body undergoes 
a load or perturbation based on the parts’ structural and material characteristics.  This is 
accomplished by the software as it discretizes the body into small 2D or 3D elements all 
connected by common nodes.  To compute behavior of the system or field, boundary conditions, 
such as force, displacement, or fixed constraints, are applied to the field as a whole and the 
resulting force and displacement is observed.  The accuracy of these FEA models is dependent 
on the size of elements used to section the segments of the system, the material characteristics 
selected, and the relevance of the boundary conditions.  Specifically, accuracy is increased as the 
size of the elements is decreased, however, due to the numerical complexity of FEA increased 
accuracy often results at the sacrifice of computational time and efficiency rendering importance 
to the size and complexity of the models. 
The second main approach to computational modeling is through rigid body kinematics 
which can reduce computational time and resources and to test more complex testing scenarios.  
This is the approach taken for the work discussed in this thesis.  In these simulations, the bones 
in the system are assumed to be rigid bodies where no deformation can occur, only motion 
between the bones.  . These simulations proceeded from a forward kinematics framework which 
computes kinematic measures (joint angles and translations) resulting from applied forces.  In 
forward kinematics, the motion of the parts are originally unknown and must be defined via 
constraints established by the user.  These constraints are applied in the forms of a mate (i.e. 
distance, angle, coincident) to define original joint angles or through the application of forces by 
either springs or force vectors.  Forward dynamics was first described in 1990 by Pandy et al. as 
they investigated the use of computational modeling and a Mayne-Polak dynamic optimization 
algorithm to maximize the height of human jumping (1).  Pandy further expanded this theory to 
describe other forms of motion as well as methods by which to model skeletal dynamics as well 
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as muscle path and action (2).  Kwak et al. then applied forward kinematics principles to describe 
models of diarthrodial joints based on a novel contact penalty method and literature defined 
muscle and tendon lines of action making it possible to model joint function (3).  In their contact 
penalty method, Kwak et al. permitted a certain amount of penetration between bodies.  
However, as penetration exceeded the limits of the constraints forces, calculated based on the 
defined stiffness and volume of penetration, were applied to the interfering bodies removing the 
penetration (3). 
To analyze the model's effectiveness at depicting pathological conditions, they are often 
compared to data acquired through cadaveric studies.  Once these simulations have been proven 
to reflect pathological joint function, they can be used to investigate other scenarios such as 
surgical procedures which permits an analysis of their effectiveness while trialing the 
development of new surgical procedures.  These principles have been carried over and routinely 
used in our laboratory to investigate the kinematics of the wrist before and after multiple surgical 
procedures, the kinematics of the elbow after suffering the terrible triad injury, as well as the 
kinematics of the foot ankle complex of those individuals who suffer from stage II adult acquired 
flatfoot disorder (4,5,6,7,8,9,10). 
1.3 Scope of Thesis 
This project expanded the approaches taken by Joseph Iaquinto Ph.D. and Edward M. 
Spratley Ph.D. in their respective doctoral dissertations.  The patient cohort models created by 
Dr. Spratley that represent 6 patients diagnosed with adult acquired flatfoot deformity all of 
whom had a specific ligament dysfunction score as well as a Medializing Calcaneal Osteotomy 
(MCO) performed in surgery to serve as the model basis.  These patient specific models were 
expanded upon in this work with surgical procedures as originally analyzed in a cadaver 
computational model described by Dr. Iaquinto.  First, the forefoot correction procedures, Evans 
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Osteotomy and Calcaneocuboid Distraction Arthrodesis (CCDA), were added to the models and 
run in conjunction with the MCO.  Additionally, a recently described lateral column procedure, 
Z-osteotomy, was added to the models.  After completion of the simulations, replications of 
diagnostic radiographic measurements (based on bone height and angular measurements) were 
performed to determine if the patients in the original cohort would have benefitted from any 
additional procedures.  Joint contact and plantar forces and ligament strains in the plantar fascia, 
spring, and deltoid ligaments were acquired to analyze investigate the status of the foot and what 
degenerative conditions may develop.  If the data reflected that a patient benefitted from the 
addition of a lateral column procedure, analysis into the preoperative state of the patients’ 
condition was performed to determine what key piece of information could enlighten physicians 
when determining the course of surgical correction preoperatively. 
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2. Foot & Ankle Anatomy 
 
Rivaling only the wrist, the foot and ankle complex is one of the most intricate and 
complex structures in the human body.  Here the components within allow the foot to perform a 
multitude of movements while providing support for a lifetime. This piece of what seems like 
mechanical perfection undergoes countless loading cycles ranging from a small portion of an 
individual's body weight to multiple times that all in a matter of milliseconds.  To adapt itself 
quickly to withstand various loads applied across the diverse surfaces the foot encounters 
multiple bony articulations, with the support of densely packed and interweaved soft tissue 
structures, provide a flexible yet rigid support system.  Movement of the limb is facilitated by the 
intrinsic and extrinsic muscles that originate in the lower leg and connected to the foot through 
numerous soft tissues.  Prior to discussing of the etiology and treatment of Adult Acquired 
Flatfoot Deformity (AAFD) the intact anatomy of the foot must be presented.  The following will 
provide a broad overview of the biological structures previously introduced in this paragraph 
with that hope that a solid foundation of knowledge is provided to better understand the 
pathology of the deformity and how it is treated. 
2.1 Bony Anatomy 
Bones are the structural support unit for the lower limb. Beginning from the knee and 
moving distally toward the end of the foot the tibia and fibula are the two bones of the lower leg 
(Figure 2-1).  The tibia is the larger of the two bones and is most commonly known as the shin.  
The tibia is located closer to the midline and is the primary force transmitter from the foot to the 
upper leg.  The proximal end fans out from the shaft and is flattened in the transverse plane 
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creating a plateau comprising of the medial and lateral condyles.  Articulation with the femur is 
mediated through two ellipsoidal depressions that house the articular cartilage.  The fibula 
articulates with the tibia at a small notch located on the lateral edge of the tibia below the tibial 
shelf.  Here the connection is covered by a thick capsule which renders it almost completely 
immobilized.  Moving down the tibia and fibula the two bones are parallel to one another and are 
connected by the membrana interossea cruris.  These two bones work in concert moving distally 
to their respective epiphysis.  Along the lateral edge of the tibia runs a deep depression to 
accommodate the medial edge of the fibula.  Located at the medial and distal end of the fibula is 
the cribriform fossa which accepts the lateral edge of the tibial epiphysis which is also secured 
and covered by a strong capsule.  The epiphysis of both bones increase in size both anteriorly 
Figure 2-1: Anterior and Posterior view of the Tibia and Fibula shown with interosseous 
membrane (55).  Highlighted in red is the mortise joint created by the Tibia and Fibula. 
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and posteriorly to create a mortise like structure known as the tibial plafond to accept the 
superior surface of the talus known as the forma.  The sides of this mortise joint are the medial 
and lateral malleolus created by the tibia and fibula. These articulating surfaces are all covered 
by hyaline cartilage (11).  The final joint included in the ankle complex is the subtalar joint 
where the talus accepts the superior surface of the calcaneus (Figure 2-2).  Very little movement 
occurs at this joint due to the constraints established by the bony articulations. The major 
purpose of the subtalar joint is to transmit force from the lower leg and talus to the calcaneus or 
heel.  As the analysis of the bony anatomy continues, the midfoot and hindfoot will be discussed 
beginning along the medial column and ending at the lateral column. 
Connecting the hindfoot to the midfoot is the transverse tarsal joint (Figure 2-3).  Within 
the transverse tarsal joint are the talonavicular and calcaneocuboid joints.  The talonavicular joint 
begins at the distal end of the talus.  The anterior surface forms a convexed bulbous that meets 
with the concave proximal end of the navicular. The shape of this articulation yields the flexion 
and extension abilities of the foot. On the inferior surface of the navicular lies a small articular 
facet which accepts the largest bone of the midfoot, the cuboid.  The calcaneocuboid joint 
located at the distal end of the calcaneus and the proximal end of the cuboid.  Shaping this joint 
surface is the ridge that runs across the superior surface to the lateral surface of the calcaneus 
while a triangular fossa is present at the inferior and medial surface.  The fossa accepts the 
triangular shaped protuberance located on the medial edge of the cuboid.  Stability of the 
calcaneocuboid joint is governed primarily by the interaction of the protuberance of the cuboid 
and the fossa of the calcaneus caused by the motion of these two regions which results in an 
increase in surface area contact during both dorsi and plantar flexion.  The dorsal surface of the 
cuboid is of a trapezoidal shape with multiple small tubercles that allow attachment to multiple 
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soft tissue structures.  The plantar surface is divided into four segments: medial, lateral, anterior 
and posterior.  These segments all have unique geometry to allow attachment and channeling of 
multiple soft tissue elements that will be discussed in more detail later.  The anterior surface of 
the cuboid is triangular with a medial base and a lateral apex.  Divided by a ridge running 
vertically this surface is divided into two segments as the cuboid articulates with the fourth and 
fifth metatarsals.  The medial and lateral segments are both slightly concave to accept the fourth 
and fifth metatarsals.  The medial surface of the cuboid has a small oval shaped articular surface 
near its distal end accepting the lateral edge of the third cuneiform.  The proximal surface has a 
small depression to accept the navicular.  The remaining area along the medial surface is covered 
by small rugosites (small rough portions) for soft tissue attachments.  Finally the lateral edge of 
Figure 2-2:  Bones comprising the foot (56). (a) Superior view of right foot. (b) Medial view 
of right foot. (c) Lateral view of right foot. 
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the cuboid is an apex that joins the dorsal and plantar surfaces.  In some cases this ridge shows 
concavity as the peroneal tunnel begins.   
Moving through the rest of the midfoot we encounter the first second and third 
cuneiforms.  Each of these articulate with the navicular with the first cuneiform being the most 
medial, third cuneiform being most lateral and the second sandwiched right in between.  When 
looking specifically at the first cuneiform its medial surface is of a pear shape with an inferior 
base and a superior apex to accept the convexed distal end of the navicular.  The medial edge has 
a pentagonal shape as it is higher in the distal end than it is in the proximal. The majority of the 
media surface is smooth and covered by a bursa as it provides an attachment for multiple soft 
tissue structures.  The distal end of the first cuneiform has a reniform shape as it articulates with 
the base of the first metatarsal.  It is described as reniform as the medial edge of the surface is 
convex while the lateral edge is concave merged by an almost flat surface in between.  The 
lateral surface of the first cuneiform is divided into two segments separated by a ridge that 
accepts the intercuneiform ligament and the Lisfranc’s ligament. The proximal surface is 
basically rectangular as it accepts the second cuneiform. Distally is an oval articulating surface 
Figure 2-3:  Superior view of right foot highlighting the transverse tarsal and 
tarsometatarsal joints (56). 
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that meets with the second metatarsal. Lastly the plantar surface of the large and convex allowing 
for the attachment of multiple soft tissue structures which will be discussed in more detail later.  
The second cuneiform is the smallest bone of the midfoot.  The posterior and anterior surfaces 
are triangular shaped with convex dorsal base and an inferior apex. The posterior surface is also 
convex along the medial edge and concave laterally as it articulates with the navicular.  
Anteriorly the second cuneiform meets with the second metatarsal and its surface is generally 
convex with minor concavity at the lateral edge. The medial surface of the second cuneiform 
mirrors the lateral surface of the first cuneiform.  Laterally the second cuneiform articulates with 
the third cuneiform and is of a rectangular shape with a small tubercle allowing for attachment to 
soft tissue structures.  The final bone of the midfoot is the third cuneiform.  Like the other two 
cuneiforms, the proximal surface articulates with navicular.  The posterior surface has two 
segments.  An oval shape covers the superior portion of the surface where articulation with the 
navicular occurs and a blunted pointed area is present at the inferior portion.  The medial surface 
accepts the lateral surface of the second cuneiform and mirrors the rectangular shape.  Distally 
the surface is of a triangular shape based dorsally with an apex plantar and accepts the proximal 
end of the third metatarsal. 
The final section of the foot is the forefoot.  Comprising the forefoot are the metatarsals 
and phalanges.  The forefoot begins at the tarsometatarsal joint where the five metatarsals 
articulate with the three cuneiforms and the cuboid in an arcuate manner.  Each of the 
metatarsals can be broken up into three distinct regions: base, shaft, and head.  The base of the 
first metatarsal can be considered triangular in shape where the articular surface with the first 
cuneiform is supported by the medial, lateral, and inferior surfaces.  This surface mirrors the 
reniform shape seen on the distal end of the first cuneiform.  Two other key locations at the base 
are the two tubercles.  The one located at the junction of the medial and inferior surfaces serves 
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as the connections to the tibialis anterior tendon.  Located at the junction between the inferior 
and lateral surfaces is the more prominent of the two tuberosities that serves as the attachment 
site for the peroneus longus tendon.  The shaft of the first metatarsal is the shortest and the 
strongest of all of the metatarsals.  The head of the first metatarsal can be divided into two 
portions, the superior phalangeal and the inferior sesamoidal.   
The surface on the cuneiform base of the second metatarsal is flat on the superior surface 
while the lateral and medial surfaces combine to form a crest at the inferior surface.  The base 
comes in contact with five bones.  Other than the second cuneiform at the posterior surface or the 
base, the first cuneiform comes into contact on the medial surface, the third metatarsal and 
cuneiform on the lateral surface, and lastly in some occasions the first metatarsal also comes into 
contact on the medal side.  In addition, the base of the second metatarsal has numerous 
attachment points and a channeled groove for soft tissue structures.  The shaft of the second 
metatarsal has three distinct surfaces, an inferior surface and then a dorsal surface that is 
separated into medial and lateral portions separated by a plantar crest running longitudinally 
down the shaft.  The plantar surface is largely concave while the medial surface is slightly 
convex.  The head of the second metatarsal has a quadrilateral shape and an articular surface that 
covers the entire surface but extends further in the plantar to allow for the flexion of the 
phalange.  For soft tissue attachment and passages the head of the second metatarsal also has two 
tubercles, on the medial and lateral side of the head, and a small groove between the medial and 
lateral portions of the articular surface. 
The articular surface on the cuneiform base of the third metatarsal is triangular with the 
base dorsal and the apex plantar that accepts the third cuneiform.  Other than the third cuneiform, 
the third metatarsal has two other articulations at its base. On the medial side sits the articular 
surface for the second metatarsal while on the lateral side is the articular surface of the fourth 
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metatarsal.  Across all of the surfaces at the base there are minor rough portions and a deep 
channel that allow for soft tissue attachment.  The shaft of the third metatarsal is almost an exact 
replica of the second metatarsal in its shape and geometry.  The head of the third metatarsal also 
mimics the structure found at the second metatarsal. 
The base of the fourth metatarsal is quadrilateral in shape and its proximal surface is 
convex as it articulates with the cuboid.  The base also possesses articular surfaces for the third 
cuneiform and metatarsal on its medial side and the fifth metatarsal on its lateral side (triangular 
shaped).  Other than surface attachments the fourth metatarsal has the deepest groove when 
compared to the other metatarsals.  The shaft of the fourth metatarsal is similar to the shafts of 
the second and third metatarsals in that it has three surface with concavity plantar and convexity 
medial.  The biggest difference seen in the fourth metatarsal when compared to the second and 
third metatarsals is a recognizable twist that takes the dorsal surface and makes it more of a 
medial surface.  The head of the fourth metatarsal is not influenced by the rotation of its shaft 
and has almost the exact same geometry and features as seen in the second and third metatarsals. 
The base of the fifth metatarsal is flat for the most part except for a tubercle protruding 
posteriorly known as the styloid apophysis.  On the posterior surface of this tubercle sits the 
triangular articular surface that accepts the lateral articular surface on the distal end of the 
cuboid.  The medial surface of the base has another triangular articular surface to accept the 
fourth metatarsal.  Superiorly and inferiorly the base of the fifth metatarsal serves as the 
attachment point for a couple of interosseous metatarsal and cuboid ligaments as well as the 
peroneus tertius tendon.  Another key aspect of note when analyzing the base of the fifth 
metatarsal, and its structure, is the fact it bears the primary load of the lateral column.  This 
increase in load is one of the driving reasons why the styloid apophysis is so protuberant.  The 
shaft of the fifth metatarsal also reflects the increased load it experiences.  In this case the plantar 
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crest has now rotated and runs along the lateral edge. This rotation results in the three surfaces 
being located in the dorsal, medial, and inferior regions.  Despite the prominent lateral edge 
present in the shaft the head of the fifth metatarsal is the same as the other lesser metatarsals. 
2.2 Ligaments 
Bony articulations are vital in governing the movement that occurs at each joint of the 
foot.  Ligaments supplement joint function by adding strength through restricting excess 
movement permitted by the bony articulations.  Ligaments present in the foot and ankle range 
from being easily identified between bones to being located within capsular structures covering 
articulations.  Another key facet defining ligament function is the geometry of the tissue and the 
organization of the fibers.  Regardless of the location and structure of the tissue, ligaments define 
how bones move within the foot. 
The most mobile joint in the foot and ankle complex is the tibiotalar joint which is 
constrained medially by the extracapsular collateral ligaments (MCL and LCL) (Figure 2-4).  On 
the lateral aspect movement is constrained by the anterior and posterior talofibular ligament 
(TaFi-a & TaFi-p) and the calcaneal fibular ligament (CaFi).  In addition to the ligaments on the 
medial and later aspects the talocrural joint is further constrained by the superficial fibular 
retinaculum (SFR).  These ligaments work in concert to guide the joint through its three planes 
of motion while preventing additional inversion.  Located just below the talocrural joint but 
within the ankle complex is the subtalar joint that is further restrained by the talocalcaneal 
interosseous ligaments (IOL) and the lateral talocalcaneal ligament (TaCa).   
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More specifically the medial collateral ligaments that have their origins on the medial 
malleolus are known collectively as the deltoid ligaments.  Included in the deltoid ligament are 
four major ligaments and multiple small ligaments that guide the talus through flexion and 
extension while preventing eversion of the ankle.  The four major bands of the deltoid are the 
anterior and posterior tibiotalar ligament (TiTa-a & TiTa-p), tibionavicular ligament (TiNv), 
tibiocalcaneal ligament (TiCa).  In addition to the deltoid ligaments the medial and posterior 
talocalcaneal ligament (TaCa-m & TaCa-p) assist in guiding the talus through flexion and 
extension but do not originate from the medial malleolus. 
Below the deltoid ligaments and the other medial collateral ligaments is the plantar 
calcaneonavicular (CaNv) ligament complex more commonly known as the spring ligament 
complex.  The spring ligament can be broken into three distinct regions: superomedial (SMCN), 
Figure 2-4:  Right ankle ligaments.  LEFT:  medial view, counterclockwise from left: 
anterior tibiotalar (TiTa-a), tibionavicular (TiNv), calcaneonavicular (CaNv), 
tibiocalcaneal (TiCa), medial talocalcaneal (TaCa-m), and posterior tibiotalar (TiTa-p).  
RIGHT: lateral view, counterclockwise from left: posterior talocalcaneal (TaCa-p), 
posterior talofibular (TaFi-p), calcaneofibular (CaFi), and anterior talofibular (TaFi-a). 
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middle (MCN), and inferomedial (IMCN).  These three regions creates a support structure 
ranging almost completely across the articulation between the anterior surface of the calcaneus 
and the inferior surface of the navicular.  Originating at the anterior margin of the sustentaculum 
tali of the calcaneus and inserting at the medial edge of the plantar surface of the navicular the 
spring ligament not only connects the calcaneus to the navicular but supports the head of the 
talus.  This can be seen upon dissection as the dorsal surface of the ligament possess a 
firbocartilaginous facet lined by a synovial membrane.  The dorsal surface is key to the 
maintenance of the medial longitudinal arch of the foot in two ways.  First to the support 
provided to the talus, as it experiences various loads in magnitudes above and below our body 
weight, requires a high tensile strength within the tissue bands.  Secondly the SMCN shares an 
insertion site with the posterior tibialis tendon where merging of the two tissues occurs.   
The mid and forefoot regions are covered with dense bands of interosseous ligaments on 
both the plantar and dorsal surfaces.  Many of these origin and insertion sites were highlighted in 
the previous chapter when presenting the surfaces of each of the bones located in the mid and 
forefoot.  When reviewing the bony anatomy it was shown that many of these ligaments are 
primarily dense portions of articular capsules that act in a perpendicular manner to the joints they 
cross restricting almost all movement between bones.  This is true for the majority of ligaments 
found in the mid and forefoot except for those that connect the bones that form comprising the 
transverse tarsal joint (Figure 2-5).  Included is the talonavicular (TaNa), calcaneonavicular 
(CaNa), calcaneocuboid (CaCu), cuneonavicular (CnNa), naviculocuboid (NaCu), cuneocuboid 
(Cu#Cn), intercuneiform (INTCn), cuneometatarsal (CnMt), and intermetatarsal (INTMt) 
ligaments. 
 
16 
 
The plantar aspect of the foot differs from the dorsum due to the presence of deep 
ligamentous and non-ligamentous tissues that in some cases run the length of the foot.  The long 
and short plantar ligaments connect the forefoot to the hindfoot assisting in the establishment in 
the medial and lateral longitudinal arches.  The long plantar ligament near the plantar fascia 
origin on the calcaneus and inserts on the proximal heads of the 2nd-5th metatarsals.  The short 
plantar ligament sits slightly the long plantar ligament as it is deep within the soft tissue and 
inserts on the cuboid.  The plantar fascia (PF), even though it is not a ligament, plays a vital role 
in the function of the foot.  The plantar fascia acts to bring the forefoot closer to the hindfoot as it 
creates an upward bow in the two longitudinal arches.  This is accomplished by the plantar fascia 
connecting the distal ends of the metatarsals to the anterior inferior surface of the calcaneus.  The 
Figure 2-5:  Foot and ankle ligaments on the dorsum of the right foot.  
Counterclockwise from the top: cuneometatarsal (CnMt), intercuneiform (INTCn), 
cuneonavicular (CnNa), naviculocuboid (NaCu), talonavicular (TaNa), 
calcaneonavicular (CaNa), calcaneocuboid (CaCu), Cuneocuboid (Cu#Cn), and 
intermetatarsal (INTMt) 
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larger segment attaches to the distal heads of each metatarsal while the shorter segment connects 
to the proximal end of the fifth metatarsal. 
2.3 Musculature 
 There are multiple intrinsic and extrinsic muscles that assist the foot in maintaining 
balance and providing the power to walk run and jump.  Unfortunately, due to the scope of this 
project only five muscles that affect the arch stability of the foot will be focused on.  The largest 
of these five is the triceps surae (Figure 2-6).  Combining the medial and lateral gastrocnemius 
with the soleus into the Achilles tendon with insertion on the posterior aspect of the calcaneus 
the triceps surae is the primary muscle of the posterior leg.  As the major mover of the foot the 
triceps surae provides the foot with a plantar flexion and the ability to slightly invert the 
talocrural and subtalar joints.  Other than flexion and inversion, the triceps surae also induces 
tension along the plantar fascia.  As previously discussed, activation of the plantar fascia 
established the medial and lateral arches of the foot thus adding to the importance of the triceps 
surae. 
Assisting the plantar fascia in plantar flexion is the flexor digitorum longus (FDL) and 
flexor hallucis longus (FHL) (Figure 2-6 & 2-7).  The FDL originates from the posterior 
gastrocnemius medial to the origin of the posterior tibialis.  As the FDL descends down the tibia 
it increases in diameter and passes behind the medial malleolus.  Running down the plantar 
surface of the foot the tendon splits into four bands and continues to its insertion on the second 
through fifth metatarsals.  As mentioned the FDL serves to aid the plantar fascia in function.  
That being said the FDL assists in establishing the medial and lateral longitudinal arches of the 
foot while flexing the foot.  The FHL is similar to the FDL in its origin course and function.  
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Differing the two is the fact that the FHL inserts onto the distal phalanx of the great toe 
providing primarily only support for the medial arch along the flexion of the great toe and ankle. 
One of the most important muscles considered in this work is the posterior tibialis (PTT).  
The PTT originates from the medial compartment of the gastrocnemius, courses around the 
medial malleolus and inserts primarily onto the navicular tuberosity and the first cuneiform.  
Spanning the entire midfoot the PTT also has attachments across the bases of the second through 
the fourth metatarsals, the second & third cuneiforms, and the cuboid.  The PPT’s importance to 
this work is based on the fact that it is one of the most powerful inverters of the foot which 
provides vital support to the medial longitudinal arch.  When the support for the medial 
longitudinal arch is reduced and the arch collapses the FDL and FHL could both be used in a 
tendon transfer procedure to reestablish of the arch stability.  Even though the FDL and FHL are 
not as strong as the PTT the both are able to provide sufficient force to support the arch when 
combined with other orthopedic procedures. 
Figure 2-6: Right Triceps Surae 
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On the lateral aspect of the foot the major muscles of focus are the peroneus longus (PL) 
and peroneus brevis (PB) (Figure 2-8).  Unlike the previous three muscles on the medial aspect, 
the peroneus longus originates at the lateral side of the lower leg rather than the posterior.  As the 
PL descends along the tibia it becomes a tendon that wraps behind the lateral malleolus and 
travels along a groove on the lateral aspect of the calcaneus.  At the cuboid, the PL crosses the 
posterior aspect and traverses the plantar surface of the bone and crosses obliquely to its 
insertion point on the lateral aspect of the first metatarsal and first cuneiform.  The PB originates 
near the same location of the posterior calf and travels through the same calcaneal groove as the 
PL but inserts on the lateral surface at the base of the fifth metatarsal.  The PL and PB both serve 
to evert the foot but differ in function as they flex the foot at their respective locations of origin. 
Figure 2-7:  Tendons along the medial aspect of the right foot.  From top to bottom: 
posterior tibialis (PTT) (highlighted in yellow), flexor hallucis longus (FHL), and flexor 
digitorum longus (FDL)  
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Figure 2-8: Lateral tendon courses of the right foot, peroneus longus (PL), and peroneus 
brevis (PB). 
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3. Adult Acquired Flatfoot Deformity 
 
3.1 Clinical presentation and Diagnosis 
 Adult acquired flatfoot deformity (AAFD) occurs as the tendons and ligaments that 
support the medial longitudinal arch suffer structural damage resulting in partial or complete 
arch collapse.  The collapse of the medial arch can lead to severe pain and discomfort not only 
along the medial column of the foot but in the lower leg due to muscle fatigue and cramping.  
AAFD is said to occur in about 5% of children and adults however that number may be skewed 
due as symptoms are diverse among the afflicted population including some that are 
asymptomatic (12,13).   
 Diagnosis of AAFD primarily involves the acquisition of a pertinent patient history 
describing the timeline and severity of their symptoms and deformities coupled with the use of 
radiographic measurements.  Radiographs are taken from the medial/lateral (ML) and 
anterior/posterior (AP) views to measure angular and distance measures.  In the ML view 
measures include the talar (ML-Tal-h), navicular (ML-Nav-h), first cuneiform (ML-1CN-h), 
cuboid (ML-Cub-h), and first cuneiform to fifth metatarsal (ML-1CN/5MT-h) heights and the 
calcaneal pitch (ML-CP), talar first metatarsal angle (ML-T1MT), talocalcaneal angle (ML-TC), 
talar declination (ML-Tdec), and the calcaneo-first metatarsal angle (ML-C1MT) 
(14,15,16,17,18,19,20,21,22).  In the AP view the talonavicular uncoverage (TNuncov) distance 
and talonavicular (AP-TN), talo-first metatarsal (AP-T1MT), and talar-second metatarsal (AP-
T2MT) angles are measured (14,15,16,18,19,23).  Lee et al. found that AAFD is most commonly 
characterized by decreases in calcaneal pitch, first cuneiform and first cuneiform-fifth metatarsal 
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heights, and talonavicular coverage angle with increases in the talonavicular, talar first 
metatarsal, and talocalcaneal angles (Figure 3-1) (13). 
Multiple other assessments can be used as well to diagnose the occurrence of AAFD.  
Magnetic resonance image (MRI), Harris mats, force plates, and gait analyzers are 
supplementary means by which the extent and severity of AAFD can be diagnosed (Figure 3-2) 
(16,19).  MRIs are used to analyze the degradation of soft tissue structures by visualizing fiber 
alignment and the presence and size of tears in those tissues associated with AAFD (which will 
be discussed in further detail later). This imaging modality can also detect the presence of 
tenosynovitis and tendinosis, both of which are aliments that evoke pain as well as accumulate 
inflammatory cytokines that further tendon damage.  Detecting the presence of fluid retention or 
fibrocartilage increases the size and diameter of the tissues resulting in an increased white signal 
on the MRI.  The intensity of the signal yields the ability to deduce stage of tissue degeneration.  
Figure 3-1:  Most commonly used X-ray measures used to diagnose AAFD in the ML (left) 
and AP Views (right).  From left to right: 1st cuneiform height (A), 1stCuneiform-5th 
metatarsal height (B), calcaneal pitch (C), talocalcaneal angle (D), talar 1st metatarsal angle 
(E) and talonavicular coverage angle (F). 
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Harris mats are suspended sheets of rubber that have their underside coated with a small layer of 
ink.  To analyze the morphology of the foot, the patient can either stand on the mat or walk 
across stepping in the middle of the Harris mat leaving behind an imprint of the foot.  In these 
images the darker area portions of the pedograph are areas where more force is being exerted by 
the foot.  An AAFD patient tested with a Harris mat would have darker regions along the medial 
edge of the forefoot as a higher magnitude of force is shifted medially (13,16).  HR Mat 
pedography is essentially digital versions of the Harris mat that can also return back specific 
force measurements for predetermined areas.  In these images, areas that have a higher contact 
force are displayed as red and for AAFD patients, these regions are again at the medial edge of 
the ball by the base of the great toe.  In both Harris mat and force plate displays, individuals who 
suffer from AAFD will also have a larger contact area across midfoot than those who are 
asymptomatic. 
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Figure 3-2: Alternate methods used to diagnose AAFD.  TOP: MRI (24), BOTTOM LEFT: 
Harris mat pedography (25), and BOTTOM RIGHT: HR mat pedography (26). 
In addition to these clinical findings, the appearance of the foot on and off weight bearing 
is evidence of the condition (Figure 3-3).  In the ML view, AAFD is characterized by a 
depression in the medial longitudinal arch.  As stated previously there is an increased area of 
contact along the course of the midfoot.  In the AP view, AAFD can be detected with excessive 
eversion of the heel and abduction (valgus) of the forefoot producing the marque “too many 
toes” sign.  Another step in the diagnosis of AAFD is the assessment of foot flexibility.  During 
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the weight bearing stance patients are asked to attempt a single and double heel raise.  Those 
who are asymptomatic are able to perform these actions while those who suffer from AAFD in 
most cases cannot.  This is due to the lack of flexibility as the foot loses its ability to supinate 
during the motion (13).  
 
Figure 3-3: Presentation of AAFD: schematic view of the arch collapse (left), medial view of 
the left foot demonstrating over pronation (middle), and hindfoot valgus or eversion with 
“too many toes sign (right) (27). 
3.2 Etiology 
 Causes of flatfoot range from posterior tibial tendon dysfunction, tarsal coalition, 
arthritic, post-traumatic, or iatrogenic deformities, and Charcot or other neuromuscular diseases 
(13).  This work will be focusing on AAFD as a result of posterior tibial tendon dysfunction.  
The understanding of AAFD etiology has varied greatly since its first description in the early 
1950’s.  When first described by Key, PTT dysfunction was reported to be caused by a partial 
tear that was treated with removal of the tendon along with a synovectomy.  During patient 
follow up Key found that the patients’ now developed a 10 to 15 percent flatfoot deformity that 
continued to progress in the subsequent years (28).  This trend of tears or ruptures inducing PTT 
dysfunction continued until 1974 when Goldner et al. first reported that PTT dysfunction could 
also be the result of chronic degradation of the tendon in addition to the traumatic injuries 
described by Key (29).  In this case, the authors described how chronic tenosynovitis across the 
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course of the PTT at its distal end lead to degeneration of the fibers (29).  As the fibers continue 
to degrade the PTT distends as its stiffness reduces.  Overtime the mechanical stability provided 
by the PTT (inversion of the subtalar joint) decreases resulting in amplified loads across the 
other soft tissue structures that support the medial longitudinal arch.   
As the PTT courses posterior of the medial malleolus to its insertion site on the navicular, 
this region of the tendon is essentially avascular.  This is a critical piece of information when 
determining the impact of tenosynovitis.  With tenosynovitis occurring along the course of the 
PTT, degrading inflammatory cytokines constantly wreak their havoc on the tendon body.  With 
limited or no vasculature present to help flush out the cytokines and continue the healing 
response, the degenerative chemicals continue their destruction of the PTT.  The accumulation of 
fluid within the tendon sheathe caused by the tenosynovitis leads the diameter of the tendon to 
increase rendering it detectable to medical imaging.    
As previously mentioned, degeneration of the PTT yields intensified loads experienced 
by the remaining soft tissue structure supporting the medial longitudinal arch.  Specifically the 
superomedial and inferomedial portions of the spring ligament and deltoid and interosseous 
portions of the talocalcaneal ligament are the most affected by PTT dysfunction.  Even though 
these ligaments already provide primary support to the talus, the increased load over time causes 
laxity and disorganization of ligament fibers leading to subluxation of the talonavicular joint and 
eventual collapse of the medial longitudinal arch. 
 In the last ten years methods to qualify the amount of soft tissue degradation of the PTT 
and the other support structures of the ankle affected by AAFD has been promoted through the 
use of MRI scans.  Deland et al. took the MRI scans of 31 patients and analyzed the posterior 
tibial tendon, superomedial and inferomedial components of the spring ligament complex, 
talocalcaneal interosseous ligament, long and short plantar ligaments, plantar fascia, deltoid 
27 
 
ligament, plantar naviculocuneiform ligament, and tarsometatarsal ligaments to detect an 
increase in cross sectional area as well as tears in the tissue structures (30).  As mentioned 
previously, increases in the cross sectional area were detected as brighter signals on the scans 
when compared to their dark appearance on an asymptomatic patient and showed the presence of 
tenosynovitis and tendinosis.  Tears were detected as discontinuities in the signals while 
progressing through the scans.  They found that in patients suffering from AAFD not only the 
PTT displayed signs of degeneration.  Other structures of the medial foot, specifically the 
anterior deltoid and inferomedial spring ligament, demonstrated signs of degradation along with 
the PTT.  This study is important in that it reveals the fact that other tissues are afflicted by 
AAFD and methods by which to qualify tissue degeneration.   
3.3 Stages of AAFD 
 Due to its chronic, progressive nature, the diagnosis of AAFD secondary to posterior 
tibialis tendon dysfunction has been divided into various stages.  This was originally performed 
by Johnson and Strom in 1989 and was based on their physical findings regarding hindfoot 
mobility and weakness and the pain symptoms experienced by the patient (31).  Their system 
was divided into three stages: Stage I, tendon length normal, Stage II, tendon elongated-hindfoot 
mobile, and Stage III, tendon elongated, hindfoot deformed and stiff.  Since then, researchers 
have expanded the classification into five stages based on pain, physical as well as Xray and 
MRI findings to result in an updated classification method (Table 3-1).  In this work, stage IIa 
will be the primary area of focus as it is the only condition that has an apparent deformity that is 
able to be corrected by performing surgical at only one or two locations. 
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Table 3-1:  Stages of AAFD (13) 
Stage Physical Findings X-ray MRI 
I  Medial rearfoot pain 
 Swelling of PTT course 
 Intact arch 
 No radiographic 
angular changes 
 No signs of 
degeneration 
 Tenosynovitis 
IIa  Medial rearfoot pain 
 Swelling of PTT now 
associated with warmth and 
tenderness 
 Rearfoot valgus “too many 
toes” 
 Limited ability to perform 
single heel raise 
 Peritalar 
subluxation 
 Increased talar 1st 
metatarsal angle 
 Tenosynovitis 
 Attenuation of the 
PTT 
 Tendinosis 
 
IIb  Same as IIa 
 Initial arch collapse with 
rearfoot valgus 
 Some occurrences of lateral 
pain 
 Peritalar 
subluxation 
 Increased talar 1st 
metatarsal angle 
 Further angular 
changes 
 Same as IIa 
 Occurrences as 
PTT rupture 
III  Lateral pain dominant 
 Non-reducible deformity 
 No heel inversion on double 
heel raise 
 Inability to perform single 
heel raise 
 Same as IIb 
 Degeneration of 
the rearfoot 
complex 
 Same as IIb 
 
IV  Same as III 
 Ankle valgus 
 Same as III  Same as III 
 
3.4 Treatments 
 As there are different stages of AAFD secondary to posterior tibialis tendon dysfunction, 
there are different treatments associated with each stage ranging from nonsurgical options to 
deeply invasive surgical procedures.  Patients in stage I that first complain about medial rearfoot 
pain are first educated about the basic pathology and signs of AAFD (13).  At this point patients 
also receive orthotic inserts or modifications to their shoes in conjunction with physical therapy 
(Figure 3-4).  Physical therapy is valuable to patients as it helps strengthen the injured muscles 
and improves weight loss limiting the amplification effect obesity adds to PTT degradation.  
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These similar nonsurgical techniques are continued for the rest of the stages only with more 
specialized orthotics.  Progressing from stages I to II, footwear modifications and orthotics 
include heel cups, extended medial counter or medial heel wedges and can affectively correct the 
deformity (13).  Specifically crafted supramalleolar braces or ankle foot orthosis are constructed 
to support the collapsing arch for those patients ranging from II through IV whose feet do not 
respond to the corrections provided by the shoe modifications or orthotics (Figure 3-4) (13).  
However, for all stages when patients suffer from painful feet, immobilization in casts and the 
prescription of anti-inflammatory medications are warranted.  These treatments are in some cases 
the first line of defense.  If insufficient correction and continuation of pain still occurs, surgical 
options grow of greater consideration.   
 
Figure 3-4:  Non-surgical treatments for AAFD: orthotics (left) (32) and supramalleolar 
braces (right) (33). 
 When progressing into the realm of surgical intervention, there are multiple procedures 
that can be applied for the treatment and correction of AAFD ranging from “non-invasive” to 
complex multiple joint fusions or osteotomies.  Surgical management for stage I is a 
tenosynovectomy (13).  In this procedure the sheath housing the PTT is removed relieving the 
30 
 
chronic inflammation.  In some cases tendon debridement is also performed.  This is the only 
“non-invasive” procedure available for implementation and has shown good results for relieving 
pain in the immediate follow up.  However, not many long term studies have shown positive 
results in halting the progression of AAFD. 
 Treatments for stage II AAFD begins with a tendon transfer to assist the PTT in its 
inversion of the foot.  A portion of either the FDL or FHL is passed through a hole drilled 
dorsoplantarly onto the medial aspect of the navicular (34).  The FDL or FHL is cut just distal to 
the last interconnecting nodes, passed dorsally through the hole in the navicular and attached to 
the posterior tuberosity of the navicular.  Historically the FDL has been transferred, but recent 
studies have shown that the FHL may be a better alternative for the tendon transfer.  This was 
found in a study by Murray et al. as the researchers reported an almost double magnitude of 
potential moment by the FHL when compared to the FDL (35).  This was confirmed in the study 
performed by Spratley et al. when they reported that the FHL was more biomechanically stable 
to replicate the action performed by the PTT with a less severe reduction of toe flexion force 
(34).  Even though the FHL provides a greater inverting ability, it is still not enough of a 
corrective procedure to remedy the damage caused by AAFD.  For that reason it is almost always 
paired with a bony procedure.  Due to the fact that the tendons used in the tendon transfers do not 
provide the same magnitude of inversion force as the PTT, the tendon transfer is often coupled 
with a hindfoot or lateral column procedure (Figure 3-5). 
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Figure 3-5:  Medial intraoperative view of a FHL tendon transfer performed on the right 
foot (34).  Left: Tunnel for the tendon transfer drilled dorsoplantar through the navicular.  
Right: passing of the FHL through the tunnel and anchorage to the navicular. 
For the hindfoot, a medializing calcaneal osteotomy (MCO) is performed (Figure 3-6).  
Hindfoot procedures are used to specifically correct for hindfoot valgus while transferring loads 
laterally off of the medial column.  In short, the posterior portion of the calcaneus is cut along a 
plane normal to the long axis of the calcaneus and then medially translated to raise the medial 
longitudinal arch (13).  Like the tendon transfer, the MCO will be discussed in further detail 
later.  Lateral column procedures performed for stage II AAFD include the Evans and Z-
osteotomy.  Each of these procedures, in their own way, increase the length of the lateral column 
and eliminates the excessive valgus seen in the forefoot.  In some occurrences both these bony 
procedures (MCO and a lateral column procedure) are combined in conjunction with the initial 
tendon transfer.  The only difference between treatments for IIa and IIb is that the rigidity in the 
hindfoot present in IIb prohibits passive correction (13).  For stage IIb the calcaneocuboid 
distraction arthrodesis (CCDA) may be performed.  In this procedure similar effects may be 
obtained as in the Evans osteotomy by inserting a wedge in between calcaneus and the cuboid 
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and fusing the two bones together.  Other studies for stage IIb call for the implementation of 
hindfoot and medial column fusions (13).  Hindfoot fusions fuse the subtalar joint while the 
medial column fusion fuses the first and second metatarsals with the first and second cuneiform 
to reestablish the height of the medial longitudinal arch.  Both of these procedures have provided 
relief to the collapsed arch but restrict motion and increase the amount of arthrosis of other parts 
of the foot after the procedures are performed.  
 For patients suffering from stage III AAFD only an arthrodesis procedure has 
demonstrated the ability to correct the collapsed arch.  As isolated arthrodesis procedures are 
already used for IIb treatments, a triple arthrodesis is the procedure of choice for stage III (13).  
In this procedure the three joints of the ankle complex, the subtalar, talonavicular, and 
calcaneocuboid are fused together as one.  Even though this procedure is one of the only that 
provides correction to this stage of AAFD many believe this procedure should be used as a 
salvage procedure only.  The triple arthrodesis is an extensive procedure that involves the entire 
hindfoot and leads to a much higher risk of arthrosis in the surrounding joints. 
 Lastly for patients afflicted by stage IV AAFD, multiple procedures are required in 
attempt to reconstruct the medial longitudinal arch.  In cases such as these, the triple arthrodesis 
is often combined with the MCO.  However, due to the extremely high risk of arthrosis and 
limited mobility of the foot, a total ankle replacement is often considered.  This decision is 
becoming more and more common as the technology for total ankle arthroplasty continues to 
develop.  As previously mentioned, the primary focus of this work is on stage IIb of AAFD 
secondary to posterior tibialis tendon dysfunction.   
With a broad overview of the treatments in mind, it is important to look at the overall 
progression through the aforementioned treatments and frequency of their use.  Initially, 
especially for patients with stage I AAFD, patients receive or use orthotics or the supramalleolar 
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braces to correct the pain and deformity with approximately an 80% success rate (59).  If these 
non-operative treatments provide insufficient pain relief, fail in preventing the progression of the 
deformity, or if the patient’s initial condition deemed too severe for non-operative treatments 
clinicians consider implementation of surgical methods.  In a survey completed by 104 foot and 
ankle surgeons they were posed this question and asked how they would treat the deformity (60).  
When treating a 62 year-old male with symptomatic AAFD secondary to PTT dysfunction 98% 
of the clinician said they would perform a soft tissue procedure with an augmentation of the PTT 
being most prominent (94%).  Of those selecting the augmentation of the PTT, 86% would use 
the FDL and 9% the FHL with other options including spring and deltoid ligament repair.  98% 
would implement a bony procedure with 73% electing the MCO and 41% electing a lateral 
column procedure (20% Evans, 21% CCDA).  Clinicians’ also stated that they would perform 
combination procedures: 38% would combine the tendon transfer with the MCO, 22% would 
combine the tendon transfer, MCO, and lateral column procedure, 7% would combine the tendon 
transfer, MCO, and Strayer lengthening procedure, and lastly 5% would combine the tendon 
transfer, MCO, and lateral column and Strayer lengthening procedures.  With that, the treatments 
associated with stage II will also be focused on and discussed in detail. 
 The most common bony procedure performed in conjunction with a tendon transfer is the 
medializing calcaneal osteotomy (MCO) sometimes called medial displacement calcaneal 
osteotomy (Figure 3-6).  In this procedure the posterior tuberosity of the calcaneus is cut and 
then translated medially from 4 to 10 mm depending on the surgical preference and ability to 
achieve the translation with the tension in surrounding soft tissues (4,7,8,9,13).  A full thickness 
cut is made approximately 2cm anterior from the tuberosity to ensure the attachment sites for the 
Achilles tendon and plantar fascia remain intact.  This procedure provides correction for hindfoot 
valgus or eversion as the lateral edge of the calcaneus is no longer lateral to the fibula.  The 
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medial translation of the cut segment also provides needed inversion reducing the forefoot 
abduction and medial column sag.  The translation alters the line of action of the Achilles tendon 
shifting weight from of the medial column to the lateral column.  The reduction of weight placed 
on the medial column allows for an increased inversion ability of the FDL or FHL.  Typically, 
Strayer or Achilles tendon lengthening is also performed in conjunction with the MCO allowing 
the cut fragment to be translated the desired amount.  Long term follow up in those patients who 
received the MCO have shown a maintained medial longitudinal arch.  However complaints 
about lateral foot pain are not uncommon as there is now an increased load on the lateral portion 
of the forefoot which could lead to osteoarthritis.   
 When a flexible flatfoot is present, a lateral column procedure may be used either alone 
or in conjunction with the tendon transfer and MCO.  The Evans calcaneal osteotomy is the most 
commonly performed procedure in this case (Figure 3-7) (7,8,13).  This procedure requires a 
flexible foot as it requires passive correction to relieve symptoms of AAFD.  The primary 
correction provided by the Evans osteotomy is found in the transverse plane as it adducts the 
forefoot.  Evans also corrects the medial longitudinal arch collapse and ankle eversion.  This is 
accomplished through the rotation of the forefoot that stimulates action of the plantar fascia to 
provide inversion of the subtalar joint.  
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Figure 3-6:  Lateral intraoperative view of a MCO (left) (57). ML radiograph showing 
placement of screws after translation of bony segment (right) (57). 
The Evans osteotomy begins with a cut through the calcaneus approximately 1cm 
posterior to the calcaneocuboid joint.  After the cut, a Hoffman retractor is used to insert a 10 
mm wide trapezoidal wedge.  These wedges have a width of 10mm in its outer side and about 
2mm in its interior portion.  This wedge shape primarily provides about a 20° taper to rotate the 
forefoot along with a small amount of translation.  Triangular and rectangular shaped wedges 
have also been used but trapezoidal wedges are typically the shape of choice as it provides more 
correction than the triangular but less than the rectangular with a greater reduction in post-
operative complications when compared to the rectangular shaped wedge.  Complications from 
the Evans osteotomy procedure in the short term result from subluxation of the calcaneocuboid 
joint.  In the long term, early onset arthritis is found in the lateral forefoot due to the increased 
load present.   
A calcaneocuboid distraction arthrodesis (CCDA) is performed when a lateral column 
lengthening procedure is desired but the foot is too rigid for the Evans osteotomy (Figure 3-7) 
(13).  As alluded too previously, since the foot is rigid portions of the flatfoot cannot be 
corrected passively.  Like the Evans osteotomy, CCDA has primary correction of the forefoot 
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abduction with small amounts of corrections to the medial longitudinal arch collapse as well as 
hindfoot valgus.  The main difference between these two procedures is the fact that CCDA 
actively corrects for peritalar subluxation, which is the pathologic malalignment of the talus 
about the subtalar and midtarsal joints (13).  CCDA is performed through the fusion on a wedge 
between the calcaneus and the cuboid.  Approximately 2mm is shaved off of the articular 
surfaces revealing the subchondral bone (in hopes to promote healing).  Then a 14 mm 
trapezoidal wedge is inserted between the two bones and fused with long screws into place.  A 
14mm wedge is used to provide a 10mm wedge correction while accommodating for the 4mm of 
removed bony tissue.  Unlike the Evans osteotomy there is a higher rate of healing and fusion 
found with the CCDA.  However the long term post-operative complications of lateral foot pain 
and osteoarthritis mirror what is found in the Evans osteotomy.  
 
 The last procedure used for the lateral column is a relatively new procedure that was first 
described in the mid 2000’s.  The Z-osteotomy was designed to provide similar effects seen from 
the Evans osteotomy while providing a higher chance of the bone to heal after surgery 
Figure 3-7:  Example of lateral column procedures.  Left: schematics of the Evans 
osteotomy and CCDA (58).  Middle: example of trapezoidal wedge used. Right:  Lateral 
intraoperative view of an Evans Osteotomy (57). 
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(36,37,38).  This procedure calls for three cuts to the calcaneus (Figure 3-8).  First, the distal cut 
is made 1 cm from the cancaneocuboid joint, parallel to the joint surface from the superior ridge 
to approximately half way down the calcaneus avoiding the courses of the peroneus brevis and 
longus.  Next the longitudinal cut is made 2 cm posteriorly on the calcaneus parallel to the 
bottom of the foot. The last cut is the proximal cut that is made connecting the longitudinal cut to 
the plantar surface.  Now that a cut segment has been created it is medially rotated as a 10 mm 
trapezoidal wedge is inserted at the dorsal and plantar openings.  The Z-osteotomy corrects for 
forefoot abduction and ankle eversion (36,37,38).  Essentially it mimics the corrections seen 
from the Evans osteotomy but is advantageous when considering the healing potential of the Z-
osteotomy due to the increased bone to bone contact throughout the cut (36).  It has also been 
found that the Z-osteotomy does not result in the same initial magnitude of lateral plantar 
pressure increase, however, in these studies no long term follow ups were obtained (36,37).  
When originally described it was the hope that the Z-osteotomy could be used without the need 
of the MCO however currently they are used together and there have not been any clinical 
studies that analyzed the Z-osteotomy as a procedure alone. 
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Figure 3-8:  Surgical Procedure for Z osteotomy (37).  From top to bottom: schematic of 
cut draw on an image of the foot (A), anterior, posterior, and longitudinal cuts performed 
on a saw bone (B), distraction of the two bony segments (C), and example of medial 
rotation of the cut segment (D). 
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4. Methods 
 
4.1 Model Creation 
The models for the original patient cohort began with the acquisition of 1 millimeter MRI 
scans from a 1.5 T MRI scanner (GE Healthcare Technologies, Waukesha, WI) (4,39).  The 
scans started at the knee and moved down along the lower leg past the base of the foot.  From 
there, the scans were imported into the software package MIMICS® (v12.0, Materialise's 
Interactive Medical Imaging Control System, Materialise, Ann Arbor MI) allowing for the two 
dimensional scans to be transformed into three dimensional figures.  To accomplish this 
transformation, masks were created for each bone by establishing a threshold based on the 
Hounsfield Unit (HU) of each pixel in the scan.  For each scan the threshold values changed but 
had a range between -850 and -1000 HU.  Fourteen masks were created to account for every 
bone of the foot with the exception to the phalanges.  After the initial, coarse masks were created 
for each particular bone, edits were made to reflect the proper morphology of the corresponding 
bone.  This was accomplished through the use of the inherit tools within MIMICS®.  First, 
“crop” was used to go through the individual slices to remove speckled noise.  For each slice, the 
mouse was moved over highlighted pixels located outside the bones to de-select them from the 
current mask.  From there “flood fill” was used to fill in the portions of bone corresponding to 
cancellous bone that did not register in the previously established mask.  This was performed on 
every slice to ensure a continuous, fully filled body was created.  Lastly, to complete the masks, 
the articular surfaces of the bones were altered using a small selection tool ensuring separation 
between adjacent bones.  With this tool researchers set a size of area they want to highlight 
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(ranging from a single pixel expanding in a circular manner to cover hundreds of pixels) and 
dragged the mouse along the articular surface to distinguish it from the surrounding articular 
cartilage which can be mistakenly highlighted during initial mask creation (39).  
With the masks nearly complete, researchers expanded the overall size then smoothed the 
surfaces of the masks.  All fourteen bones received a small scaling factor about their centroids to 
universally increase the bones size in all directions using the tool “dilate”.  This was performed 
to reduce the 2-3 pixel wide interarticular distance present which cause laxity in the imposed soft 
tissue constraints.  A small expansion was necessary as the gaps between bones are not 
physically present but appear during segmentation.  Each bone received expansion by a single 
pixel (0.7mm).  With each bone having been increased by the same factor, the functional 
relationship between bones and their relative sizes still remains true.  Lastly the mask was fine-
tuned through the use of smoothing tools to reduce the amount of sharp edged features and rough 
surfaces across the masks.  In particular, the articular surfaces required a great deal of smoothing 
to replicate the articular surfaces present in native anatomy.  Once the masks were completed, a 
mesh was applied across the mask discretizing the entire volume of the part into simple 
geometric shapes connected entirely through nodes creating a continuous mesh by which to 
create solid bodies.  However, these stl files were too large to import into SolidWorks (v2007, 
Dassault Systèmes SolidWorks Corp., Waltham, MA, USA), the software used for kinematic 
simulation.  In short, the amount of nodes present in the mesh exceeded the threshold 
SolidWorks has for importation.  To combat this issue, the stl files were imported into the 
software 3-Matic (native plug-in within MIMICS) where triangle reduction was performed to 
reduce the amount of amount of nodes/ elements used to illustrate the topology of the body.  
Triangle reduction yielded the ability for the part to be imported into SolidWorks but also adds 
another round of smoothing to the part (39).   
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Once the files of each individual bone from the scan were of proper size, they were 
imported into SolidWorks and oriented to the coordinate system native to SolidWork through 
mates applied between the right, front, and top planes in SolidWorks and the sagittal, front 
(coronal), and transverse planes of the bones.  Bone to bone interaction was further defined with 
the creation of contact parameters embedded within the SolidWorks add-in COSMOSMotion 
rigid body motion suite rendering interaction between bodies as frictionless while restricting 
penetration of bodies during movement.  If one bone penetrated another, a force was applied to 
the bone to eliminate the penetration.  Specifically, during penetration, volumetric overlap was 
calculated and the centroid was located.  Next, a force whose magnitude was derived from the 
amount of volumetric overlap and stiffness of the material acting in the shortest path to separate 
the two bodies.  Soft tissue structures are needed to limit and direct the excess movement caused 
from the reaction forces (39).   
For the creation of a rigid body model with the definition of non-idealized joints, the 
simulations must be constrained by soft tissue structures.  The initial step in this process was the 
creation of the origin and insertion points on each bone serving as attachment points for the force 
elements for ligaments, capsular tissues, and tendons to come.  Origin and insertion points were 
placed onto the surface of the bones based on anatomical findings through reference textbooks, 
anatomical dissections, and visualization from the MRI.  56 ligaments of the foot and ankle were 
recreated by 146 action/reaction force vectors that connected the origin and insertion points.  The 
behavior for each of these structures was defined using the native FORTRAN expressions in 
COSMOSMotion.  These expressions were linear applications of tension only elements based on 
the prescribed original length (calculated based on the origin to insertion distance and in situ 
strain) and stiffness values (averaged from across multiple literature sources) of the native 
ligaments or capsular structures the vectors were representing.  If origin/insertions points 
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decreased beyond the original length of that particular structure, i.e. experiencing compression, a 
zero force in the structure would result (39). 
Bodyweight and muscle loading through tendons were applied to the simulation through 
action only vectors.  Similar to the ligament elements, linear tension elements connected the 
origin and insertion points of the muscle as described in anatomical literature.  However, special 
structures were created to replicate the wrapping of tendon courses seen in foot anatomy 
(Figure4-1).  Specifically two cylindrical solid bodies were extruded from the posterior portion 
of the tibia ranging from the lower leg inferiorly posterior and below the malleolus to replicate 
the wrapping of the FDL and FHL.  For the FHL a second structure was created around the 
posterior and inferior portions of the sustentaculum tali what allowed small beads to course and 
change the line of action of the force elements as the foot was loaded.  This was to ensure the 
vectors did not pass through any solid bodies.  On the lateral aspect of the calcaneus, two 
ellipsoidal structures were extruded to serve as the course for the PB and PL.  To demonstrate the 
PL coursing along the plantar surface of the cuboid, a cylindrical body was applied to the valley 
running along the plantar surface from the posterolateral to the anteromedial surfaces of the 
cuboid allowing the vectors to insert on the medial column (39).   
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Figure 4-1:  Right foot model showing soft tissue constraints and tendon wrapping.  TOP 
LEFT: dedial view showing all constraints representing ligaments and muscles.  TOP 
RIGHT: dorsal view of the constraints and the bodies used to create the Plantar Fascia. 
BOTTOM LEFT: posteromedial view showing the muscle and tendon paths of the Achilies 
tendon, FHL, FDL, PL and PB.  BOTTOM RIGHT: posterior inferior view showing the 
wrapping elements used for the PL and PB. 
The patient’s body weight was applied through a loading mechanism and collar aligned 
with the diaphysis of the tibia initially with 20N then ramped up to the patient’s full bodyweight 
after 2.5 seconds.  The constructed pin and collar mechanism simulated the vertical loading of 
the patient’s bodyweight.  The initial 20N load was applied to stabilize the leg against the foot 
platform.  Due to bony interactions the force was transmitted down the tibia and across the bones 
of the foot.  The muscle forces were applied through the vectors defining the Achilles tendon, 
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FHL, FDL, PTT, PL, and PB.  These forces were activated after the 5 second mark of the 
simulation and completed by the 10th second.  The functions defining the muscle forces were 
percentages of the patient’s full bodyweight as reported by the literature (40,41).  50% of the 
body weight was applied through the Achilles tendon, FHL 10.5 %, PL 10%, PB 8.8% and the 
FDL 6.0%.  The remaining two seconds of the simulation allowed the foot and all its structures 
to reach equilibrium. 
The simulations were performed within COSMOSMotion using the Automated Dynamic 
Analysis of Mechanical Systems (ADAMS) solver package.  This package uses the fundamental 
equations of motion for solid mechanics to calculate the position and subsequent movement of 
the bodies composing a given assembly yielding the ability to observe kinematic behavior 
between objects that are constrained by external constraints (i.e. body-body interactions, forces, 
torques, or displacements).  While displaying the overall kinematic behavior of the bodies the 
package also allows the exportation of data (force, displacement, etc.) providing the complete 
picture of the interactions between all parts of the assembly.  A key factor within the ADAMS 
solver for this work was the “Gear Stiff” integrator, GSTIFF as denoted by the software.  This 
numerical integrator allows for the variation of time step throughout the simulation through each 
initial time segment based on the amount of movement experienced within the simulation.  For 
example, if the bodies in the simulation move more than the integrator can account for during the 
originally defined time step, the step size will be continually reduced until it can successfully 
calculate the movement occurring during the frame.  The integrator will continue to reduce the 
time step until it successfully calculates the movement or reaches the lowest defined time step 
value.  This integrator is vital to this work in that it maximizes the computational efficiency 
while solving the high order differential equation on the already complex computational models 
(42). 
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4.2 Simulation of AAFD 
With the model construction complete, modifications to the soft tissue constraints were 
needed to replicate the specific amount of tissue degradation found with each patient in the 
original cohort.  This was accomplished through the attenuation of the action/reaction vectors 
used to represent the soft tissue structures of the foot. The expressions used to define these 
vectors were multiplied by an attenuation factor chosen from the patient specific MRI images 
analyzed by Dr. Curtis W. Hayes.  Dr. Hayes assessed and identified eight structures commonly 
implicated in Stage II AAFD.  These were the PTT, superomedial and inferomedial bands of the 
spring ligament, anterior, posterior, & deep bands of the deltoid ligament, talocalcaneal 
interosseous ligaments, and the plantar fascia.  Damage observed from the MRI images was 
graded based on Deland et al.’s modified four-tier scale.  Subsequently, patient and tissue 
specific attenuation values designated and applied to the afflicted structures (Table 4-2) (30).  
The attenuation factors were applied into the FORTRAN expressions to represent the reduced 
properties afforded by the structure to the model. 
Table 4-1: Four-tiered grading scale of AAFD implicated soft tissues. 
0 Normal, intact 
I Signal attenuation without noticeable macroscopic tears 
II Signal attenuation with noticeable tears, <50% tissue cross-section 
III Signal attenuation with noticeable tears, >% tissue cross-section 
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Table 4-2: Observed patient values of MRI signal attenuation based on the four-tiered 
grading scale.  “NV” denotes that the tissue could not be visualized. 
 Patient Number  
Tissue 1 2 3 4 5 6 Attenuation of Tissue 
Posterior Tibialis Tendon 1 2 2 NV 1 2  0 – no reduction in 
stiffness. 
 1 – ¼ reduction in 
stiffness 
 2 – 5/8 reduction in 
stiffness 
 3 – 7/8 reduction in 
stiffness 
Superomedial Spring Ligament 1 2 3 NV 1 1 
Inferomedial Spring Ligament 0 3 2 0 2 1 
Anterior Deltoid Ligament 1 2 3 NV 2 2 
Posterior Deltoid Ligament 0 2 2 0 2 1 
Deep Deltoid Ligament 0 2 0 0 1 1 
Talocalcaneal Interosseous Ligament 0 2 2 0 2 0 
Plantar Fascia 1 2 1 0 0 1 
 
4.3 Surgical Interventions 
4.3.1 Medializing Calcaneal Osteotomy 
The original implementation of the medializing calcaneal osteotomy (MCO) was 
performed during the initial model creation by Dr. Spratley (Figure 4-2).  To begin, a 3D sketch 
point was placed at the center of gravity (COG) of the calcaneus.  Next, a plane parallel to the 
right plane of the calcaneus was created and placed at the center of gravity.  On this plane, a line 
was drawn through the COG from the superior to the inferior surface of the calcaneus. This line 
served as an axis of rotation for a second plane through the COG that was externally rotated 15 
degrees to align the plane with the long axis of the calcaneus from the posterior tuberosity to the 
calcaneocuboid joint. 
Here a vertical axis was drawn once again on the plane which served as the axis of 
rotation creating a third plane through the COG externally rotated 10 degrees displaying valgus 
of the calcaneus.  The amount of valgus of the calcaneus was verified through the attachment of 
the patient specific radiograph.  While viewing the radiograph a sketch of the MCO cut line was 
applied to the valgus plane.  After creating a plane normal to the valgus plane at the MCO cut 
line, a full thickness cut was performed on the plane detaching the posterior tubercle from the 
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body of the calcaneus.  On the cut surface of the calcaneus, a sketch incorporating a horizontal 
and vertical line corresponding to the x and y axis of the surface was drawn to provide a 
horizontal and vertical axis of translation to allow for medial/lateral and superior/inferior 
translation.  Next, the cut segment was translated both medially and superiorly based on the 
postoperative radiographs.  In this current work, a medial translation of 8 mm was applied to 
each calcaneus to standardize the procedure for each patient as it was the upper limit typically 
performed intraoperatively.  Deviation from the patient specific procedure was to ensure that 
patient pathology would be the only factor influencing loading behavior.  Luckily, the MCO did 
not require any modification to be performed to the overall assembly file as there was no manual 
correction of forefoot abduction causing additional interference between bones.  
Figure 4-2:  Creation of the MCO.  TOP LEFT: posterior view of a right calcaneus 
showing the designation of the COG and location of the first plane.  TOP MIDDLE: 
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superior view of the calcaneus showing the 15 ° external rotation plane through the COG.  
TOP RIGHT:  posterior view of the calcaneus showing the creation of the valgus plane.  
BOTTOM LEFT: lateral view of the calcaneus showing the verification using the patient 
X-ray and creation of MCO cut line.  BOTTOM RIGHT: lateral view of the calcaneus 
showing the finished procedure with the calcaneus fragment translated medially. 
 
4.3.2 Evans Osteotomy 
To model the Evans osteotomy, first a plane was created on the articular surface of the 
calcaneus at the calcaneocuboid joint (Figure 4-3).  The plane was defined by three points 
selected along the superior and lateral ridges of the triangularly shaped surface.  A second plane 
was created 10 mm posterior to the initial plane created on the joint surface.  This created the 
“cut plane” that was parallel to the joint surface as performed clinically.  Next, a full thickness 
cut of the calcaneus was performed creating the cut segment.  The cut segment was initially 
hidden as a 2D square sketch was applied to the remaining surface of the calcaneus.  The medial 
edge of the square was aligned as the furthest medial point on the calcaneus as it would serve as 
the axis of rotation of the cut segment.  After the cut segment was unhidden, it was medially 
rotated using the “body move/copy” tool to create 10 mm of separation at the lateral edges 
between the calcaneus and the cut segment (rotation amounts varied between 18 and 22° across 
patients).  Next, 3D trapezoidal shapes were extruded from the surface of the calcaneus to the 
adjacent surface of the cut segment reconnecting the two bodies together as one.  This was 
accomplished through the creation of 2D rectangular shapes on the cut surfaces of the calcaneus.  
These sketches were then extruded onto the next surface, defined as the surface of the cut 
segment, replicating trapezoidal wedges used during surgical procedures. 
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Figure 4-3:  Creation of the Evans osteotomy.  LEFT: lateral view of the calcaneus showing 
the creation of the initial plane parallel to the calcaneocuboid joint and the “cut plane”.  
RIGHT: Anterolateral view of the calcaneus showing the finalized procedure including 
medial rotation and wedge creation. 
 After the modified calcaneus was rebuilt and added to the previously created assembly 
files, the overall assembly had to be modified to reflect the changes produced by the surgical 
procedure (Figure 4-4).  Prior to modification, significant interference occurred between the 
calcaneus and cuboid (Figure 4-4A).  To eliminate this interference, a standardized modification 
procedure was devised to simulate how the forefoot may move clinically during this procedure 
and to ensure gross overall movement of the forefoot to reserve the relative relationships among 
the other bones already created and verified.  Two axes of rotation were applied to the models 
based off of four planes related to the front, right, and top planes of the overall assembly.  Planes 
parallel to the front and right planes were set at a point on the medial tubercle of the navicular.  
At the intersection of these two planes “Axis 1” was created (Figure 4-4B).  Next, planes parallel 
to the right and top planes were applied to a point on the talus just above the most superior points 
on the navicular.  Between these two planes, “Axis 2” was created (Figure 4-4C).  The bones of 
the forefoot (cuboid, navicular, first second and third cuneiforms and all five metatarsals) were 
selected to rotate about “Axis 1”.  The forefoot was medially rotated or adducted until there was 
no more interference between the calcaneus and the cuboid.  This resulted in the opening of the 
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talonavicular joint at the superior surface.  To remedy this, the bones of the forefoot were 
dorsiflexed or rotated about “Axis 2” until the talonavicular joint was closed (Figure 4-4D).  
Finally the forefoot was translated along posteriorly until there was no interference between the 
talus and navicular or calcaneus and the cuboid to eliminate the gap present between these two 
joints (Figure 4-4E).  This process was applied to all six patients.
 
Figure 4-4:  Standardized procedure used to adduct the foot after LCL procedures to 
correct for bony overlap from the inserted wedge.  A:  initial position of the foot.  B: 
creation of the first two planes on the talus and “Axis 1” on the medial tuberosity of the 
talus (blue area).  C: Creation of the third and fourth planes on the talus with “Axis 2”.  D:  
rotation of the forefoot about Axis 1.  E:  final position after dorsiflexion and posterior 
translation of the forefoot.  
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4.3.3 Calcaneocuboid Distraction Arthrodesis 
 To model the calcaneocuboid distraction arthrodesis (CCDA), a plane was created on the 
articular surface of the calcaneus at the calcaneocuboid joint, identical to the one created for the 
Evans osteotomy (Figure 4-5).  Next, a cut plane was created 2 mm away from and parallel to the 
joint plane.  A small cut (2mm) was performed on the surface of the calcaneus mimicking the 
exposure of the subchondral bone.  On this cut plane a 2D rectangular sketch was drawn onto the 
cut surface with its lateral edge parallel to the lateral edge of the calcaneus and then extruded 10 
mm anteriorly, away from the cut surface.  Next the 3D rectangular solid was cut to match the 
exact wedge used for the particular patient in the Evans osteotomy procedure.  The forefoot was 
the medially rotated about axis 1 and dorsiflexed about axis 2 as described in the Evans 
osteotomy to remove interference between the extruded wedge and the cuboid.  Next, a plane 
was applied to the surface of the wedge and used to shave off 1 to 2 mm of the cuboid.  Lastly, a 
coincident mate was applied between this newly cut surface and the 3D trapezoidal wedge to 
replicate the fusion of the calcaneocuboid joint.  The coincident mate produced gaps between the 
cuboid and the 4th and 5th metatarsals.  To resolve this, the same medial rotation procedure was 
performed to reduce the newly created gaps.  All bones were rotated until the bones were as 
close as possible without any creating any additional interference.  The rotation was so small that 
no additional dorsiflexion needed to be added and no plantar flexion was needed. 
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Figure 4-5:  CCDA procedure.  TOP LEFT:  location of the cut plane and removal of 2mm.  
TOP MIDDLE:  initial extrusion of rectangular block.  TOP RIGHT: cut performed to 
create the trapezoidal wedge.  BOTTOM: final positon and alignment of CCDA after cuts 
and mates were applied to the cuboid. 
4.3.4 Z-Osteotomy 
 Replication of the Z-osteotomy began the same way as the Evans and CCDA procedures 
with the creation of a plane at the calcaneocuboid joint surface (Figure 4-6).  Next, the “cut 
plane” was created normal to the joint plane at the lateral edge of the calcaneus.  The sketch on 
the cut plane began with the first line for the superior cut.  The line began above the calcaneus 
and ended just above the peroneus brevis and longus tendon courses.  The line was set to be 
10mm posterior to the edge of the joint surface.  The longitudinal cut line was drawn 20mm from 
the end of the superior cut.  Lastly the inferior cut line was drawn from the conclusion of the 
longitudinal cut through the plantar surface of the calcaneus.  The cut sketch was enclosed by 
three identical lines drawn separated from the original lines by 0.001mm replicating the size of 
the cut performed during the modeled MCO procedure.  After the enclosure was complete, the 
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cut was performed throughout the calcaneus excluding the solid bodies drawn to replicate the 
FHL tendon course.  A small axis was drawn on the medial edge of the newly created superior 
surface and the cut segment and the PB and PL courses were medially rotated using the “body 
move/copy” tool until the lateral edge was separated by 10mm.  Lastly two rectangular sketches 
were extruded from the calcaneus body to the cut segment creating trapezoidal wedges 
reconnecting the two pieces.  To reflect the procedures effect on the assembly, the forefoot was 
rotated in the same manner as described for the Evans and the CCDA procedures 
Figure 4-6:  Z-osteotomy procedure:  TOP RIGHT:  locations of the initial and cut planes.  
TOP RIGHT:  sketch and direction of the Z cut.  BOTTOM LEFT: medial rotation of the 
cut segment with the referenced sketch shown.  BOTTOM RIGHT:  finalized procedure 
with the insertion of the wedges. 
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4.4 Measurement Procedure 
Assessment of the simulations with the different osteotomy procedures was conducted 
through the acquisition of six distance and eight angular measurements, contact forces between 
articular surfaces, ground reaction forces, and ligament strains (4,9).  Distance and angular 
measurements were performed on the medial/lateral and anterior/posterior views of the assembly 
replicating the radiographic measures taken clinically (Figures 4-7 and 4-8).  In the medial/lateral 
plane, the talar (1), navicular (2), first cuneiform (3) and cuboid (4) heights were measured 
as the distance from the line connecting the inferior calcaneus to the bottom of the sesamoid 
below the first metatarsal to the most inferior points of the corresponding bones.  The first 
cuneiform fifth metatarsal height (5) was measured as the distance from the most inferior point 
of the fifth metatarsal to the line drawn from the inferior point of the first cuneiform parallel to 
the inferior line.  Calcaneal pitch (θ1) was measured as the angle between the horizontal line 
created by the surface of the base plate and the inferior border of the calcaneus.  Talo-1st 
metatarsal angle (θ2) was measured as the angle between the long axes of the corresponding 
bones.  Similarly, the talocalcaneal was the angle created by the long axis of the talus and 
calcaneus (θ3).  Talar declination angle (θ4) was corresponded to the angle formed by the long 
axis of the talus and the base plate line.  Calcaneus 1st metatarsal angle (θ5) was measured 
between the long axis of the first metatarsal and the inferior border of the calcaneus.  In the 
anterior/posterior view, the talonavicular uncoverage distance (6) was measured between the 
articular surfaces of the navicular and the talus.  The angle measurements were taken between 
the long axis of the talus and navicular axis (talonavicular angle, θ6), the first metatarsal (talar 
first metatarsal angle, θ7), and the second metatarsal (talar 2nd metatarsal angle, θ8).  
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Figure 4-7:  ML radiographic measurements (4,9,10).  DISTANCES:  δ1: talar 
height (ML-Tal-h), δ2: navicular height (ML-Nav-h), δ3: 1st cuneiform height (ML-1CN-h), 
δ4: cuboid height (ML-Cub-h), δ5: 1st cuneiform 5th metatarsal height (ML-1CN/5MT-h).  
ANGLES: θ1: calcaneal pitch (ML-CP), θ2: talo-1st metatarsal angle (ML-T1MT), θ3: 
talocalcaneal angle (ML-TC), θ4: talar declination (ML-Tdec), and θ5: calcaneal 1st 
metatarsal angle (ML-C1MT). 
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Figure 4-8:  AP radiographic measurements (4,9,10).  DISTANCES: δ6: 
talonavicular uncoverage distance (AP-TNuncov).  ANGLES:  θ6: talonavicular angle (AP-
TN), θ7: talar 1st metatarsal angle (AP-T1MT), and θ8: talar 2nd metatarsal angle (AP-
T2MT). 
Before statistical analysis was performed on the post-op results the pre-op model values 
were compared to the normal population averages using a mixed model ANOVA (analysis of 
variation) with a Tukey-Kramer post hoc analysis.  To distinguish between the surgical 
procedures examined in this study, the radiographic measurements were analyzed using a mixed 
model ANOVA.  The post-op measurements were evaluated twice with the normal population 
averages and pre-op model averages used as the control states.  For comparisons between the 
procedures and individual control states reaching significance (p<α=0.05), a Tukey-Kramer 
adjustment was applied as the post-hoc 2 way pair test.  These tests were used to further illustrate 
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the effectiveness of the procedures implemented.  Success of the surgical procedure were 
measured as the presence of significance difference between post-op measurement and the pre-
op state with the lack of significant difference between the post-op and normal population 
values.  Variations of the procedures for each patient in particular was analyzed to distinguish 
any trends in the effectiveness in surgical correction corresponding to the initial clinical 
presentation of the patients.   
The contact forces between six joints were measured and analyzed to determine the shift 
in force after the implementation of the procedures.  These six joints included three in the medial 
column (talonavicular, navicular-1st cuneiform, and navicular-2nd cuneiform) and three in the 
lateral column (calcaneocuboid, cuboid and 4th and 5th metatarsals).  The values corresponding to 
the magnitude of the body-body opposing forces were exported and averaged over the final 
equilibrium stage of the simulation.  This similar procedure was performed to measure the 
ground reaction forces experienced between the calcaneus and all five metatarsals with the base 
plate.  These reaction forces were measured to display the shift of forefoot load after 
implementation of the surgical procedures.  Lastly, ligament strains were measured in the plantar 
fascia, spring, and deltoid ligaments to analyze which structures experienced additional strain or 
were relieved by the particular procedures. 
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5. Results 
 
 In general, after visual inspection of each simulation all of the procedures provided 
correction for AAFD in forefoot adduction and hindfoot inversion.  However, the procedures 
provided varying amounts of correction.  The radiographic measurements of each procedure 
were averaged across all six patients and compared to values from normal and AAFD 
populations as well as the pre-operative model measurements.  Specific values of each can be 
found in the tables below (Tables 5-1 and 5-2) while the overall trends are shown in Figures 5-1 
and 5-2. 
Table 5-1: Average distance measurements for normal and AAFD populations, pre-op 
model, and procedures (standard deviation).  Significant difference from the normal 
population indicated by * (p<0.05).  Significant difference from the pre-op model 
measurements indicated by † (p<0.05).  “NA” for not available. 
  ML-Tal-h 
δ1 (mm) 
ML-Nav-h 
δ2 (mm) 
ML-1CN-h 
δ3 (mm) 
ML-Cub-h 
δ4 (mm) 
ML-1CN/5MT-h 
δ5 (mm) 
AP-TNuncov 
δ6 (mm) 
Normal 
Population 
47 (7.0) (21) 31.3 (7.3)(43) 19.8 (2.7) (16) 12 (3.7) (15) 15.5 (4.0) (16) 11 (4.0) (15) 
AAFD NA 19 (6.0) (22) 11.4 (4.3) (16) 8.8 (7.2) (15) 4.2 (5.2) (16) 16.5 (5.0) (15) 
Pre Op (4) 26.7 (4.1)* 19.6 (6.5)* 12.3 (4.4)* 5.8 (2.6)* 12.1 (4.8) 12.0 (1.4) 
MCO 27.3 (2.9)* 19.8 (5.7)* 12.1 (4.2)* 5.5 (2.1)*† 13.1 (4.7) 12.8 (2.1) 
Evans 32.7 (2.8)*† 26.2 (5.8)*† 16.9 (4.5)† 10.1 (1.8)† 15.5 (5.6)† 12.7 (1.5) 
CCDA 29.8 (3.4)*† 23.3 (6.4)*† 15.8 (4.6)*† 10.4 (3.0)† 14.1 (5.6) 13.6 (1.2)* 
Z 32.5 (2.9)*† 25.6 (5.5)*† 16.4 (4.6)† 10.5 (1.4)† 14.9 (5.7)† 11.9 (2.1) 
MCO & 
Evans 
32.5 (1.8)*†  26.5 (5.2)*† 17.3 (4.2)† 9.4 (1.6)*† 17.6 (4.7)† 12.1 (1.6) 
MCO & 
CCDA 
30.5 (2.5)*† 24.3 (5.9)*† 16.4 (4.2)† 10.2 (2.1)† 15.2 (5.6)† 13.4 (0.8)* 
MCO & Z 32.5 (1.6)*† 26.1 (4.9)*† 15.9 (5.3)† 10.5 (2.0)† 16.7 (4.9)† 11.5 (1.6) 
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Table 5-2: Average angle measurements for normal and AAFD populations, pre-op model, 
and procedures (standard deviation).  Significant difference from the normal population 
indicated by * (p<0.05).  Significant difference from the pre-op model measurements 
indicated by † (p<0.05).   
  
ML-CP 
ϴ1 (°) 
ML-T1MT 
ϴ2 (°) 
ML-TC 
ϴ3 (°) 
ML-Tdec 
ϴ4 (°) 
ML-
C1MT 
ϴ5 (°) 
AP-TN 
ϴ6 (°) 
AP-
T1MT 
ϴ7 (°) 
AP-
T2MT 
ϴ8 (°) 
Normal 
Population 
19.7 
(6.5) (18) 
3.3 (4.7) (18) 
45.1 
(7.6) (18) 
25.6 (3.4) 
(18) 
132.8 
(4.0) (19) 
10.4 
(4.2) (18) 
7.1 (6.6) 
(18) 
15.6 
(7.5) (16) 
AAFD 
16.3 
(3.6) (16) 
17.5 (6.4) 
(16) 
36.2 
(30.5) 
(16) 
32.4 (8.3) 
(43) 
141.7 
(6.7) (19) 
22.3 
(6.7) (15) 
16.5 
(14.0) 
(19) 
27.5 
(10.2) 
(19) 
Pre Op (4) 
13.2 
(4.0)* 
10.8 (9.3) 
33.6 
(2.6)* 
27.1 (5.2) 
149.1 
(8.4)* 
22.2 
(6.2)* 
20.5 
(6.6)* 
26.2 
(5.5)* 
MCO 
13.1 
(3.9)* 
8.5 (9.2) 
32.4 
(3.3)* 
25.4 (4.5) 
150.0 
(7.3)* 
9.9 
(4.6)† 
8.1 
(5.1)† 
14.8 
(6.1)† 
Evans 
20.1 
(4.8)† 
-1.0 (9.9)† 
34.4 
(4.1)* 
21.2 
(5.2)*† 
137.8 
(8.0)† 
5.4 
(3.1)† 
-0.03 
(7.6)† 
9.4 
(8.0)† 
CCDA 
16.1 
(3.9)*† 
2.4 (9.9)† 
32.9 
(2.9)* 
23.8 
(5.0)† 
143.1 
(8.0)*† 
9.7 
(6.8)† 
7.0 
(6.7)† 
15.1 
(7.4)† 
Z 
19.4 
(4.2)† 
-0.4 (8.8)† 
34.4 
(3.4)*  
20.9 
(5.3)*† 
138.5 
(6.8)* 
4.9 
(5.8)† 
1.6 
(7.6)† 
11.2 
(8.7)† 
MCO & 
Evans 
20.5 
(4.4)† 
0.7 (9.0)† 
34.2 
(3.6)*  
20.7 
(4.8)*† 
138.3 
(6.1)* 
9.4 
(3.2)† 
3.2 
(5.6)† 
13.0 
(5.5)† 
MCO & 
CCDA 
16.6 
(3.8)† 
1.7 (9.0)† 
32.9 
(3.4)* 
22.8 
(4.7)*† 
141.4 
(7.2)* 
10.9 
(3.9)† 
4.7 
(4.3)† 
14.7 
(5.8)† 
MCO & Z 
19.6 
(4.2)† 
-2.1 (9.3)† 
33.3 
(4.1)* 
20.3 
(4.6)*† 
138.0 
(6.0)* 
3.4 
(5.2)*† 
-0.04 
(6.9)† 
9.7 
(7.0)† 
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Figure 5-1: Average distance measurements of the normal & AAFD populations, initial 
pre-op models, and all procedure tests. 
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Figure 5-2: Average angular measurements of the normal & AAFD populations, initial pre-op models, and all procedure tests. 
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Table 5-3: Percent correction for each procedure.  Calculated as the quotient of the difference between the post-op and pre-op 
measurement value and the difference between the normal population and pre-op measurement value.  Cells highlighted dark 
blues were instances where no correction occurred and the deformity was increased (<0%).  Cells in pale blue and tan were 
values that provided minor correction (25% to 70%).  Cells in green signified cases with almost 100% correction.  Cells in red 
are cases where over correction occurred (>100%).  The cell in bold for each column illustrates the procedure that had the 
greatest amount of correction with respect to that measurement. 
  % Correction per Procedure 
  Distance (mm) Angle (°) 
  
δ1 (ML-
Tal-h) 
δ2 (ML-
Nav-h) 
δ3 (ML-
1CN-h) 
δ4 (ML-
Cub-h) 
δ5 (ML-
1CN/5MT-h) 
δ6 
(TNuncov) 
ϴ1 (ML-
CP) 
ϴ2 (ML-
T1MT) 
ϴ3 (ML-
TC) 
ϴ4 (ML-
Tdec) 
ϴ5 (ML-
C1MT) 
ϴ6 (AP-
TN) 
ϴ7 (AP-
T1MT) 
ϴ8 (AP-
T2MT) 
Difference 20.328 11.770 7.615 6.220 3.480 -0.977 6.508 -7.497 11.417 -1.437 -17.095 -11.792 -13.397 -10.597 
MCO 3% 2% -2% -4% 30% -89% -1% 30% -12% 116% -1% 105% 92% 108% 
Evans 30% 56% 62% 69% 99% -71% 107% 157% 6% 410% 71% 142% 153% 159% 
CCDA 15% 32% 48% 74% 60% -164% 45% 111% -7% 229% 40% 106% 101% 104% 
Z 28% 51% 56% 76% 84% 3% 95% 150% 7% 424% 67% 147% 141% 141% 
MCO & 
Evans 
29% 59% 67% 59% 162% -14% 112% 134% 4% 442% 68% 108% 129% 125% 
MCO & 
CCDA 
19% 40% 55% 71% 90% -150% 52% 121% -7% 293% 50% 95% 118% 109% 
MCO & Z 29% 56% 49% 75% 135% 49% 99% 172% -3% 470% 69% 159% 153% 155% 
 
Percent Range 
-200% -25% 50% 70% 
-25% 0% 70% 80% 
0% 25% 80% 90% 
25% 50% 90% 100% 
> 100% 
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With exception to the MCO for some measures, each procedure was able to return both 
the angular and distance measurements closer to the values of the normal population with 
exception of the talocalcaneal angle.  Percent correction accomplished by each procedure was 
calculated to determine the effectiveness of the surgical procedures (Table 5-3).  In the ML plane 
the most overall corrected angular and distance measures were the talar declination angle and the 
first cuneiform fifth metatarsal height.  In the AP view the talonavicular and talar 2nd metatarsal 
angles were the most corrected measurements across all patients.  The least corrected 
measurements were the talar height, talonavicular uncoverage distance and the talocalcaneal 
angle.  When the MCO was used alone, it provided the least amount of correction for ML 
measurements as well as the AP angles.  The most amount of correction for each view was as 
follows: ML distance measures with the MCO combined with the Evans osteotomy, AP distance 
with the MCO and Z osteotomy, and the ML and AP angles with the MCO & Z.  Even though 
these procedures provided the most amount of correction across all 6 patients, they often 
provided more correction than necessary or over corrected.  Overcorrection occurred in 5 out of 
the 8 angular measurements (talo-1st metatarsal, talar declination, talonavicular, and talar 1st and 
2nd metarsals angles) and was more common with the Evans and Z osteotomies especially when 
paired with the MCO.  
Examining behaviors of individual patients did not reveal the exact same trends as that 
averaged over all patients but the radiographic data for all six patients were analyzed to 
determine which procedure performed best (Table 5-4). Below in Figure 5-3 are plots illustrating 
the distance and angle measurements taken after each procedure was performed on P1.  There 
was a varying amount of success between the procedures as to which measure provided the most 
correction.  The Evans osteotomy was able to increase the talar height and talocalcaneal angle 
64 
 
the most but when paired with the MCO the amount of correction in these two parameters 
decreased while increasing its effectiveness in the navicular and 1st cuneiform 5th metatarsal 
height and the calcaneal pitch, talar declination and calcaneal 1st metatarsal angles (Table 5-5).  
When correcting for forefoot abduction the CCDA and Z osteotomy procedures were shown to 
be the most efficient even though they produced a couple occurrences of over correction. 
Table 5-4:  Best surgical procedure for each patient based on radiographic results. 
Patient Best Correction 
P1 Evans ± MCO 
P2 Evans ± MCO 
P3 MCO & Z 
P4 Z Osteotomy 
P5 MCO & Z 
P6 MCO & Z 
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Figure 5-3: Individual measurements for P1. TOP: Distance measurements per procedure.  
BOTTOM: Angle measurements per procedure. 
 In the case of P2, more established trends were shown in the distance and angle 
measurements (Figure 5-4).  In all, the Evans osteotomy was the most effective lateral column 
procedure (Table 5-4).  When paired with the MCO, the combined procedure showed to be the 
most effective at increasing the height of the medial column.  However, the corrective effects of 
the Evans osteotomy on the angle measurements were impaired with the addition of the MCO.  
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When used alone, the Evans procedure provided the most correction for the ML angles except 
for the talocalcaneal angle.  Similar to P1, the MCO and Z osteotomy procedure corrected 
forefoot abduction the most.  P2 differed from P1 in that there were increased occurrences of 
over correction found not only in the ML and AP talar 1st metatarsal angles but with the 
talonavicular uncoverage distance and calcaneal 1st metatarsal angle (Table 5-5).  All procedures 
with exception of the MCO alone over corrected the ML angle while all but the MCO, CCDA, 
and combined MCO & CCDA procedures over corrected the AP angles. 
 Unlike the previous two patients, the results for P3 show one clear surgical correction 
(Figure 5-5, Table 5-4).  The MCO and Z osteotomy combination procedure provided the most 
correction for all distance measurements and all angle measurements with exception to the 
calcaneal pitch, talocalcaneal, and AP talar 1st metatarsal angles. For these three measurements 
the Evans and the combined MCO & Evans procedures were the most corrective.  Similar to P2, 
P3 simulations possessed over correction of the AP talar 1st metatarsal angle caused by all 
procedures and with overcorrection in the talonavicular, talar 2nd metatarsal, cancaleal pitch and 
talar declination caused primarily by the Evans, Z, and combination MCO & Evans and MCO & 
Z procedures (Table 5-5).  However in all, next to P5, P3 had the fewest occurrences of 
overcorrection 
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Figure 5-4:  Individual measurements for P2. TOP: Distance measurements per procedure.  
BOTTOM: Angle measurements per procedure. 
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Figure 5-5:  Individual measurements for P3. TOP: Distance measurements per procedure.  
BOTTOM: Angle measurements per procedure. 
 P4 possessed a trend unlike all other patients in that in almost all measures, the patient 
received greater correction when the lateral column procedures were used without the addition of 
the MCO (Figure 5-6, Table 5-4).  The only measure that benefitted from the addition of the 
MCO was 1st cuneiform 5th metatarsal height which was raised the most from the MCO and Z 
osteotomy.  The remainder ML distance measures were raised the most by the Z osteotomy.  
0
5
10
15
20
25
30
35
40
δ1 (ML-Tal-h) δ2 (ML-Nav-h) δ3 (ML-1CN-h) δ4 (ML-Cub-h) δ5 (ML-1CN/5MT-
h)
δ6 (TNuncov)
P3 Distances
Pre-Op MCO Evans CCDA Z MCO & Evans MCO & CCDA MCO & Z
-20
0
20
40
60
80
100
120
140
160
180
ϴ1 (ML-CP) ϴ2 (ML-T1MT) ϴ3 (ML-TC) ϴ4 (ML-Tdec) ϴ5 (ML-
C1MT)
ϴ6 (AP-TN) ϴ7 (AP-T1MT) ϴ8 (AP-T2MT)
P3 Angles
Pre-Op MCO Evans CCDA Z MCO & Evans MCO & CCDA MCO & Z
69 
 
There was varying success between procedures in the angular measurements between the Evans, 
Z, and CCDA.  In hopes to distinguish the procedures from one another, it was found that when 
the calcaneus was used in the angle measurement the Evans procedure provided the most 
correction.  The Z osteotomy was found to correct the most when the talus or medial column was 
included in the angle measurement.  P4 also displayed over correction by all procedures in those 
measurements associated with forefoot abduction (AP talar 1st and 2nd metatarsal angles) (Table 
5-5).  Overcorrection of the medial longitudinal arch occurred as well with the use of all three 
lateral column procedures without the MCO. 
 In the case of P5, the combination of a lateral column procedure (specifically Evans and 
Z) with the MCO was found to be the most effective (Figure 5-7, Table 5-4).  The height of the 
bones in the medial column were raised the most by the combination MCO & Z osteotomy 
procedure.  1st cuneiform 5th metatarsal height and talar uncoverage distance were both corrected 
the most by the combination MCO and Z osteotomy.  Lastly, cuboid height was increased the 
most when the Z osteotomy was used alone.  Similar to the distance measures, the combination 
MCO & Z osteotomy procedure corrected the angles corresponding to the medial column (ML 
talar 1st metatarsal, talar declination, and calcaneal 1st metatarsal angles) more than all other 
procedures.  The MCO & Evans osteotomy combination procedure corrected the hindfoot angles 
(calcaneal pitch and talocalcaneal).  Lastly, when used alone, the Evans osteotomy provided that 
greatest amount of forefoot adduction.  Overcorrection only occurred once at the talonavicular 
angle when the Evans osteotomy was used alone (Table5-5).  Based on the amount of green 
shown in Table 5-4 it can been seen that P5 would have benefitted equally from the use of either 
the MCO & Evans or MCO and Z combination procedures. 
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 For P6 it was difficult to select one single best procedure, however, with only a slight 
edge over the combination MCO & Evans procedure the combination MCO & Z procedure was 
the most corrective procedure (Table 5-4).  No clear trend was present when looking at the 
distance measurements (Figure 5-8).  The trends found when analyzing the angle measurements 
were similar to those found with P5.  The combination MCO & Z osteotomy procedure corrected 
the angles associated with the medial column.  This same procedure was also shown to be more 
effective at correcting the talonavicular and AP talo 1st metatarsal angles.  However, unlike P5, 
calcaneal pitch and talocalcaneal angles were corrected best by single Evans and Z osteotomies.  
P6 had complete overcorrection of forefoot abduction from all procedures (Table 5-5).  Unlike 
all other patients, P6 had 5 measurements that were already within the normal population making 
the determination of proper surgical technique slightly more difficult. 
71 
 
 
Figure 5-6:  Individual measurements for P4. TOP: Distance measurements per procedure.  
BOTTOM: Angle measurements per procedure. 
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Figure 5-7:  Individual measurements for P5. TOP: Distance measurements per procedure.  
BOTTOM: Angle measurements per procedure. 
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Figure 5-8:  Individual measurements for P6. TOP: Distance measurements per procedure.  
BOTTOM: Angle measurements per procedure. 
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Table 5-5:  Percent correction of each radiographic measurement accomplished by each procedure for individual patients.  
Measurements highlighted in yellow are those that did not need any correction.  Similar color ranges as given in Table 5-3. 
  
  
P1 % Correction 
Distance (mm) Angle (°) 
Tal-h 
δ1 
Nav-h 
δ2 
1CN-h 
δ3 
Cub-h 
δ4 
1CN/5MT-h 
δ5 
TNuncov 
δ6 
CP  
ϴ1 
T1MT 
ϴ2 
TC 
ϴ3 
Tdec 
ϴ4 
C1MT 
ϴ5 
TN 
ϴ6 
T1MT 
ϴ7 
T2MT 
ϴ8 
Difference 16.76 9.54 8.49 4.55 1.87 -2.52 4.43 -5.56 8.8 -0.27 -14.93 -3.14 -7.68 -8.41 
MCO 2% -2% -6% 9% -28% -12% 42% 9% 11% 326% 10% 197% 77% 86% 
Evans 23% 31% 35% 91% -76% -12% 205% 79% 51% 1104% 70% 337% 69% 58% 
CCDA 9% 21% 37% 107% 104% 29% 59% 130% -12% 941% 49% 384% 136% 111% 
Z 10% 8% 14% 82% -144% 54% 182% 55% 40% 604% 64% 393% 111% 68% 
MCO & 
Evans 
13% 34% 37% 50% 137% 62% 234% 117% 42% 1111% 93% 227% 94% 76% 
MCO & 
CCDA 
12% 29% 42% 114% 70% 13% 98% 130% 18% 826% 63% 246% 81% 61% 
MCO & Z 9% 13% 13% 55% 13% 78% 217% 69% 44% 930% 73% 395% 127% 100% 
               
 
P2 % Correction 
Distance (mm) Angle (°) 
Tal-h 
δ1 
Nav-h 
δ2 
1CN-h 
δ3 
Cub-h 
δ4 
1CN/5MT-h 
δ5 
TNuncov 
δ6 
CP  
ϴ1 
T1MT 
ϴ2 
TC 
ϴ3 
Tdec 
ϴ4 
C1MT 
ϴ5 
TN 
ϴ6 
T1MT 
ϴ7 
T2MT 
ϴ8 
Difference 20.9 11.41 8.61 4.17 6.36 -0.74 4.42 -2.6 11.81 1.08 -13.29 -16.46 -24.25 -17.27 
MCO -1% -6% -13% -30% 36% 327% 0% -42% -9% -141% -20% 113% 95% 112% 
Evans 32% 75% 54% 90% 72% -8% 189% 658% -6% -861% 122% 134% 147% 153% 
CCDA 10% 33% 45% 94% 31% -397% 55% 347% -21% -452% 26% 49% 64% 78% 
Z 26% 56% 34% 79% 51% 84% 125% 350% 15% -422% 76% 140% 130% 143% 
MCO & 
Evans 
33% 78% 70% 93% 140% 111% 152% 519% 6% -701% 95% 103% 149% 140% 
MCO & 
CCDA 
14% 43% 48% 75% 56% -308% 63% 462% -24% -534% 68% 66% 124% 122% 
MCO & Z 28% 61% -18% 149% 90% -14% 101% 447% -14% -639% 69% 133% 151% 154% 
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P3 % Correction 
Distance (mm) Angle (°) 
Tal-h 
δ1 
Nav-h 
δ2 
1CN-h 
δ3 
Cub-h 
δ4 
1CN/5MT-h 
δ5 
TNuncov 
δ6 
CP 
ϴ1 
T1MT 
ϴ2 
TC 
ϴ3 
Tdec 
ϴ4 
C1MT 
ϴ5 
TN 
ϴ6 
T1MT 
ϴ7 
T2MT 
ϴ8 
Difference 26.74 21.62 13.04 7.72 8.08 0.49 8.87 -21.99 10.75 -8.06 -28 -14.38 -8.48 -8.8 
MCO 13% 13% 9% 23% 3% 682% 35% 34% -35% 69% 17% 72% 121% 88% 
Evans 31% 41% 38% 58% 49% 6% 104% 63% -5% 100% 54% 148% 281% 217% 
CCDA 19% 22% 26% 42% 3% 602% 60% 36% -11% 52% 32% 80% 152% 45% 
Z 32% 43% 42% 68% 47% 14% 102% 75% -6% 104% 61% 154% 276% 165% 
MCO & 
Evans 
38% 52% 52% 68% 76% -73% 126% 82% -17% 142% 63% 113% 164% 130% 
MCO & 
CCDA 
27% 33% 40% 69% 21% 484% 84% 58% -18% 92% 46% 80% 160% 37% 
MCO & Z 39% 54% 56% 78% 77% -198% 125% 84% -14% 146% 64% 179% 257% 224% 
               
 
P4 % Correction 
Distance (mm) Angle (°) 
Tal-h 
δ1 
Nav-h 
δ2 
1CN-h 
δ3 
Cub-h 
δ4 
1CN/5MT-h 
δ5 
TNuncov 
δ6 
CP 
ϴ1 
T1MT 
ϴ2 
TC 
ϴ3 
Tdec 
ϴ4 
C1MT 
ϴ5 
TN 
ϴ6 
T1MT 
ϴ7 
T2MT 
ϴ8 
Difference 15.97 6.99 5.72 4.74 4.73 -1.65 1.66 -0.54 10.65 0.08 -7.48 -17.22 -8.64 -7.61 
MCO -8% -28% -21% -46% 39% 26% -289% 19% -24% 25% -63% 97% 123% 127% 
Evans 32% 63% 62% 63% 90% -97% 271% 1689% 24% -4362% 135% 106% 234% 177% 
CCDA 20% 43% 60% 86% 63% -97% 117% 1344% 14% -1975% 102% 107% 173% 154% 
Z 38% 73% 77% 99% 107% -28% 180% 2389% 0% -12875% 134% 99% 181% 184% 
MCO & 
Evans 
21% 36% 40% 25% 120% -111% 167% -724% -9% -6087% 20% 80% 182% 119% 
MCO & 
CCDA 
14% 29% 54% 65% 66% -124% 4% 237% 0% -1762% 68% 93% 178% 156% 
MCO & Z 23% 54% 53% 55% 132% 26% 46% 2309% -30% -8037% 91% 115% 200% 183% 
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P5 % Correction 
Distance (mm) Angle (°) 
Tal-h 
δ1 
Nav-h 
δ2 
1CN-h 
δ3 
Cub-h 
δ4 
1CN/5MT-h 
δ5 
TNuncov 
δ6 
CP 
ϴ1 
T1MT 
ϴ2 
TC 
ϴ3 
Tdec 
ϴ4 
C1MT 
ϴ5 
TN 
ϴ6 
T1MT 
ϴ7 
T2MT 
ϴ8 
Difference 23.06 16.85 9.45 10.8 4.75 -2.49 13.01 -15.9 10.65 -7.3 -26.81 -14.69 -18.23 -17.35 
MCO 3% 2% 3% 5% 23% -79% -7% -1% 2% 12% -7% 68% 42% 55% 
Evans 28% 44% 68% 56% 64% -7% 35% 77% -10% 85% 39% 109% 88% 89% 
CCDA 14% 21% 37% 42% 35% -43% 15% 51% -4% 52% 24% 81% 55% 61% 
Z 31% 46% 70% 64% 53% -70% 35% 79% 0% 87% 40% 80% 62% 55% 
MCO & 
Evans 
28% 46% 67% 53% 85% 5% 44% 73% 15% 73% 44% 88% 79% 77% 
MCO & 
CCDA 
19% 29% 45% 49% 79% 2% 18% 56% -3% 61% 25% 87% 79% 82% 
MCO & Z 34% 49% 75% 62% 78% -18% 43% 84% 9% 89% 47% 99% 76% 72% 
               
 
P6 % Correction 
Distance (mm) Angle (°) 
Tal-h 
δ1 
Nav-h 
δ2 
1CN-h 
δ3 
Cub-h 
δ4 
1CN/5MT-h 
δ5 
TNuncov 
δ6 
CP 
ϴ1 
T1MT 
ϴ2 
TC 
ϴ3 
Tdec 
ϴ4 
C1MT 
ϴ5 
TN 
ϴ6 
T1MT 
ϴ7 
T2MT 
ϴ8 
Difference 18.15 3.79 -0.09 5.05 -5.35 0.68 6.66 1.29 16.32 5.52 -12.06 -4.86 -13.1 -4.14 
MCO 2% 26% -78% -18% -19% 309% 5% -567% -8% -27% 18% 253% 127% 362% 
Evans 31% 193% -5756% 79% -107% 241% 90% -1093% -1% -101% 86% 258% 168% 525% 
CCDA 18% 129% -4444% 131% -61% 207% 51% -840% -4% -55% 59% 263% 133% 417% 
Z 31% 174% -5000% 84% -97% -131% 105% -1063% 2% -103% 91% 356% 175% 514% 
MCO & 
Evans 
30% 208% -6111% 65% -111% 218% 108% -1181% 2% -113% 101% 197% 126% 363% 
MCO & 
CCDA 
21% 168% -4856% 84% -93% 309% 52% -991% -5% -78% 66% 175% 114% 330% 
MCO & Z 31% 186% -5544% 75% -105% -63% 105% -1371% -2% -122% 115% 375% 184% 423% 
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Due to the vast amount of data available for joint contact force, ground reaction force, 
and ligament strain we elected to proceed with the comparison of procedures by analyzing the 
resulting measurements of one patient for all seven procedures.  Prior to the analysis of 
individual surgical procedures for a single patient we investigated the contact and ground 
reaction forces as well as the ligament strains for all patients as the result of the combination 
MCO & Evans and MCO & Z procedures (Tables 5-6 through 5-18).  We chose to investigate 
the values from P3 based on multiple factors.  P3 yielded a concise conclusion provided by the 
radiographic data in regards to the most effective procedure.  When compared to other patients 
P3 had fewer occurrences of over correction.  Lastly, P3 possessed force and strain 
measurements typically near the average value of all patient with fewer instances of outlying 
data. 
Table 5-6:  Joint contact force measurements (Newton) for each patient produced by the 
MCO & Evans procedure. 
  Talonavicular Navicular-1CN Navicular-2CN Calcaneocuboid Cuboid-4met Cuboid-5met 
P1 1212.7 0.0 296.0 5818.7 572.3 772.2 
P2 1097.1 87.8 262.8 4355.8 982.4 819.1 
P3 586.0 181.1 91.5 4928.8 584.2 1341.1 
P4 659.7 18.1 90.1 5195.7 553.1 1132.2 
P5 1141.4 177.9 35.9 7963.6 560.0 1308.4 
P6 883.2 122.9 4350.4 11412.5 522.5 1055.7 
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Table 5-7:  Joint contact force measurements (Newton) for each patient produced by the 
MCO & Z procedure. 
  Talonavicular Navicular-1CN Navicular-2CN Calcaneocuboid Cuboid-4met Cuboid-5met 
P1 971.8 64.9 247.2 888.0 177.5 295.8 
P2 764.4 0.0 223.8 2169.9 697.3 697.6 
P3 771.0 325.8 248.5 1323.5 452.1 409.3 
P4 844.3 223.0 146.5 622.2 310.8 237.8 
P5 1292.8 370.9 153.2 2787.8 242.0 437.0 
P6 1269.6 285.3 167.1 1053.3 270.1 395.0 
 
Table 5-8:  Ground reaction force measurements for each patient produced by the MCO & 
Evans procedure.  Values shown as % of patients’ body weight. 
  Calcaneus M1 M2 M3 M4 M5 Medial Lateral Heel 
P1 45.6% 3.4% 0.0% 0.4% 5.0% 45.4% 3.4% 50.8% 45.6% 
P2 44.3% 8.9% 2.0% 5.7% 0.0% 39.2% 10.9% 44.8% 44.3% 
P3 49.0% 1.4% 0.0% 1.2% 10.7% 37.7% 1.4% 49.6% 49.0% 
P4 52.0% 4.2% 0.0% 4.5% 0.0% 39.3% 4.2% 43.8% 52.0% 
P5 66.9% 4.8% 0.0% 3.2% 5.3% 32.2% 4.8% 40.7% 66.9% 
P6 202.2% 2.0% 0.0% 0.0% 0.7% 51.6% 2.0% 52.3% 202.2% 
 
Table 5-9:  Ground reaction force measurements for each patient produced by the MCO & 
Z procedure.  Values shown as % of patients’ body weight. 
  Calcaneus M1 M2 M3 M4 M5 Medial Lateral Heel 
P1 48.1% 4.4% 0.0% 5.0% 4.3% 38.2% 4.4% 47.5% 48.1% 
P2 48.1% 4.5% 1.5% 6.3% 1.1% 38.5% 6.0% 45.8% 48.1% 
P3 49.1% 1.0% 0.0% 0.6% 11.8% 37.5% 1.0% 49.9% 49.1% 
P4 49.6% 3.6% 0.0% 3.1% 0.0% 43.9% 3.6% 47.0% 49.6% 
P5 46.9% 4.2% 0.0% 0.0% 6.1% 35.3% 4.2% 41.3% 46.9% 
P6 1554.1% 1.6% 0.0% 2.1% 0.0% 54.5% 1.6% 56.6% 1554.1% 
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Table 5-10:  Pre-op strain in the plantar fascia for each patient.  “Base” is the posterior 
segments and “End” are the anterior segments. 
  Base1 Base2 Base3 Base4 Base5 End1 End2 End3 End4 End5 Lat1 Lat2 
P1 3.5% 2.5% 1.8% 1.1% 0.0% 3.1% 1.4% 2.8% 0.0% 0.0% 1.2% 0.9% 
P2 15.5% 17.6% 17.1% 9.2% 10.6% 3.7% 25.0% 28.4% 18.2% 0.0% 0.0% 4.9% 
P3 8.6% 6.7% 5.0% 2.8% 0.4% 5.4% 3.2% 4.6% 8.1% 2.9% 1.0% 0.1% 
P4 3.7% 3.0% 2.3% 1.7% 1.3% 3.2% 1.5% 3.8% 4.4% 2.8% 0.7% 1.2% 
P5 6.8% 5.0% 3.8% 2.6% 1.7% 5.8% 3.0% 5.6% 4.5% 0.0% 1.4% 0.7% 
P6 6.1% 4.7% 3.6% 2.5% 1.8% 5.7% 0.0% 6.2% 5.3% 3.6% 1.4% 0.8% 
 
Table 5-11:  Plantar fascia strain for each patient produced by the MCO & Evans 
procedure.  “Base” is the posterior segments and “End” are the anterior segments. 
  Base1 Base2 Base3 Base4 Base5 End1 End2 End3 End4 End5 Lat1 Lat2 
P1 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 4.8% 3.0% 
P2 3.2% 6.1% 8.7% 2.2% 6.8% 0.0% 4.7% 17.1% 8.1% 0.0% 0.0% 8.1% 
P3 0.5% 0.5% 0.3% 0.6% 0.7% 0.0% 0.2% 0.5% 3.6% 0.3% 4.2% 5.5% 
P4 0.0% 0.5% 0.9% 1.1% 1.2% 0.0% 0.0% 1.1% 5.1% 1.9% 5.6% 4.6% 
P5 2.0% 1.7% 1.6% 1.5% 1.2% 1.0% 0.8% 3.4% 4.3% 0.0% 4.5% 4.8% 
P6 0.0% 0.0% 1.6% 0.0% 0.0% 0.0% 1.2% 1.0% 0.4% 0.0% 2.0% 4.9% 
 
Table 5-12:  Plantar fascia strain for each patient produced by the MCO & Z procedure.  
“Base” is the posterior segments and “End” are the anterior segments. 
  Base1 Base2 Base3 Base4 Base5 End1 End2 End3 End4 End5 Lat1 Lat2 
P1 0.0% 0.0% 0.2% 0.0% 0.0% 0.0% 0.0% 0.2% 0.0% 0.0% 4.8% 2.9% 
P2 2.5% 3.6% 4.5% 2.0% 3.7% 0.0% 3.8% 9.6% 4.5% 0.0% 0.0% 8.6% 
P3 0.8% 0.8% 0.6% 0.8% 0.8% 0.1% 0.5% 0.6% 4.2% 0.9% 4.4% 5.6% 
P4 0.0% 0.1% 0.7% 0.8% 1.0% 0.0% 0.0% 0.7% 3.5% 1.7% 6.9% 4.6% 
P5 1.4% 1.3% 1.3% 1.2% 1.1% 0.9% 0.3% 2.2% 4.8% 0.3% 5.1% 5.4% 
P6 0.0% 0.0% 1.6% 0.0% 0.0% 0.0% 1.6% 1.0% 0.0% 0.0% 1.8% 5.4% 
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Table 5-13:  Pre-op strain in the spring ligament for each patient. 
  IMCN1 IMCN2 MCN1 MCN2 SMCN1 SMCN2 SMCN3 SMCN4 
P1 21.4% 9.9% 8.8% 8.4% 8.6% 10.4% 11.3% 11.8% 
P2 72.0% 41.0% 4.4% 0.0% 0.0% 0.0% 0.0% 3.2% 
P3 35.9% 31.6% 25.8% 25.9% 26.4% 32.9% 35.5% 29.8% 
P4 17.4% 12.3% 11.1% 9.2% 9.7% 11.7% 12.5% 11.0% 
P5 14.2% 7.4% 12.8% 12.8% 24.0% 20.9% 25.1% 22.4% 
P6 33.2% 29.0% 25.6% 24.2% 23.3% 25.1% 28.0% 32.5% 
 
Table 5-14:  Spring ligament strain for each patient produced by the MCO & Evans 
procedure. 
  IMCN1 IMCN2 MCN1 MCN2 SMCN1 SMCN2 SMCN3 SMCN4 
P1 99.7% 34.7% 26.1% 15.3% 13.9% 8.0% 2.1% 0.9% 
P2 441.1% 191.7% 21.9% 0.0% 0.0% 0.0% 0.0% 0.0% 
P3 28.0% 26.4% 38.0% 21.4% 19.9% 18.8% 11.0% 6.0% 
P4 68.1% 32.1% 14.8% 10.7% 7.3% 3.2% 4.6% 5.5% 
P5 21.5% 9.4% 16.2% 12.9% 22.7% 14.5% 13.0% 9.9% 
P6 36.3% 28.4% 26.1% 17.4% 15.3% 9.6% 5.0% 4.4% 
 
Table 5-15:  Spring ligament strain for each patient produced by the MCO & Z procedure. 
  IMCN1 IMCN2 MCN1 MCN2 SMCN1 SMCN2 SMCN3 SMCN4 
P1 100.3% 39.6% 28.6% 15.5% 13.8% 7.4% 1.3% 2.9% 
P2 69.9% 36.1% 16.9% 0.4% 0.0% 0.0% 0.0% 0.0% 
P3 29.9% 27.7% 37.9% 21.8% 20.3% 19.1% 11.4% 6.3% 
P4 33.3% 19.5% 8.9% 11.1% 6.5% 4.7% 6.1% 3.9% 
P5 19.7% 8.5% 16.1% 13.2% 23.3% 16.3% 15.9% 18.7% 
P6 48.6% 40.4% 34.0% 19.1% 16.0% 5.3% 0.0% 0.0% 
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Table 5-16:  Pre-op strain in the deltoid ligament for each patient. 
  TiCa1 TiCa2 TiNa1 TiNa2 TiSp1 TiSp2 TiTa-A TiTa-P1 TiTa-P2 
P1 2.2% 11.3% 0.1% 0.0% 3.7% 2.1% 0.0% 0.0% 0.0% 
P2 1.8% 14.4% 0.0% 0.0% 0.0% 22.2% 0.0% 0.0% 0.0% 
P3 0.0% 2.1% 0.0% 0.2% 0.0% 12.6% 2.9% 0.0% 0.0% 
P4 8.2% 12.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
P5 5.6% 8.4% 0.0% 0.0% 7.5% 7.5% 6.8% 4.3% 0.0% 
P6 5.5% 13.1% 0.0% 0.0% 0.0% 0.0% 1.8% 2.2% 3.2% 
 
Table 5-17:  Deltoid ligament strain for each patient produced by the MCO & Evans 
procedure. 
  TiCa1 TiCa2 TiNa1 TiNa2 TiSp1 TiSp2 TiTa-A TiTa-P1 TiTa-P2 
P1 6.3% 5.5% 7.6% 8.0% 7.3% 5.8% 4.9% 0.0% 0.0% 
P2 5.2% 0.0% 0.0% 0.0% 0.0% 2.7% 0.0% 25.1% 0.5% 
P3 4.0% 5.7% 0.0% 1.9% 3.2% 4.3% 0.0% 3.4% 2.2% 
P4 1.0% 1.3% 0.0% 0.7% 0.8% 0.2% 0.0% 3.9% 3.6% 
P5 9.3% 7.4% 17.5% 19.0% 14.9% 7.7% 10.2% 0.0% 0.0% 
P6 2.8% 3.7% 0.0% 6.3% 5.1% 1.4% 4.0% 2.9% 3.8% 
 
Table 5-18:  Deltoid ligament strain for each patient produced by the MCO & Z procedure. 
  TiCa1 TiCa2 TiNa1 TiNa2 TiSp1 TiSp2 TiTa-A TiTa-P1 TiTa-P2 
P1 6.0% 4.8% 10.4% 9.8% 9.9% 4.3% 3.1% 0.0% 0.0% 
P2 5.6% 0.6% 0.0% 0.0% 0.0% 3.6% 0.0% 11.6% 2.8% 
P3 4.2% 6.0% 0.0% 2.5% 3.6% 4.6% 0.0% 3.3% 1.8% 
P4 3.0% 3.1% 0.0% 0.0% 0.0% 1.0% 0.0% 4.9% 3.7% 
P5 13.2% 11.4% 21.0% 22.3% 15.4% 10.5% 5.7% 0.0% 0.0% 
P6 3.0% 3.8% 0.0% 4.0% 6.2% 1.8% 2.1% 2.8% 4.1% 
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Contact force measurements for P3 ranging all seven procedures can be found below in 
Table 5-19 with the difference between pre and post-op values shown in Table 5-20 and Figure 
5-9.  Overall, there was a reduction of force in between the joints found along the medial column 
and an increase of force at the joints along the lateral column.  The greatest amount of force 
reduction was found at the navicular 1st cuneiform joint.  The maximum difference in contact 
forces was found after the implementation of the CCDA, with and without the MCO (0.2 and 
0.2).  All procedures except for the CCDA resulted in the reduction of force across the 
talonavicular and navicular 2nd cuneiform joint surfaces.  The CCDA produced minor increases 
in joint contact force across these two joints.  The greatest amount of force increase (2.3) was 
found at the calcaneocuboid joint for all procedures (with exception of the CCDA).  A 
significantly greater increase in contact force was found after the implementation of the Z 
osteotomy (with and without the MCO) with an increase in contact force of 4.2 and 4.2 times the 
patient’s bodyweight.  Increase in contact force was also seen at the interaction between the 
cuboid and the 4th and 5th metatarsals with greater increases at the cuboid 5th metatarsal surface.  
The MCO & CCDA had the largest amount of contact force increase (1.4 times patient’s body 
weight) at the cuboid 5th metatarsal joint. 
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Table 5-19:  Contact force measurements (Newton) for the pre-op model and surgical 
simulations for P3. 
  TaloNavicular Navicular-1CN Navicular-2CN CalcaneoCuboid Cuboid-4th Met Cuboid-5th Met 
Pre-op 771.0 325.8 248.5 1323.5 452.1 409.3 
MCO -58.2 -134.9 -81.6 62.0 48.4 394.4 
Evans -184.9 -177.8 -165.2 3555.6 148.5 675.6 
CCDA 64.6 -191.5 -2.6 -197.1 -6.7 883.5 
Z -185.6 -169.5 -152.9 3870.5 162.4 706.6 
MCO & 
Evans 
-185.0 -144.7 -157.0 3605.3 132.0 931.8 
MCO & 
CCDA 
72.6 -196.8 37.6 -93.7 39.3 1259.6 
MCO & Z -189.9 -127.8 -132.2 3918.7 143.3 991.2 
Table 5-20:  Difference in contact force measurements between each surgical procedure 
and the pre-op model values for P3. (Values are presented as a ratio of the patient’s body 
weight.  Cell colors range from blue to yellow to red from lowest to highest value with 1 as 
the median. 
  TaloNavicular Navicular-1CN Navicular-2CN CalcaneoCuboid Cuboid-4th Met Cuboid-5th Met 
MCO -0.1 -0.1 -0.1 0.1 0.1 0.4 
Evans -0.2 -0.2 -0.2 3.8 0.2 0.7 
CCDA 0.1 -0.2 0.0 -0.2 0.0 1.0 
Z -0.2 -0.2 -0.2 4.2 0.2 0.8 
MCO & 
Evans 
-0.2 -0.2 -0.2 3.9 0.1 1.0 
MCO & 
CCDA 
0.1 -0.2 0.0 -0.1 0.0 1.4 
MCO & Z -0.2 -0.1 -0.1 4.2 0.2 1.1 
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Figure 5-9:  Difference in contact forces measurements between each procedure and pre-op 
model values for P3.  Values presented as a ration to the patients’ body weight. 
 Plantar force measurements for the calcaneus and all five metatarsals can be found below 
in Table 5-21 & 5-22 with a summary plot of the difference in foot contact areas found in Figure 
5-10.  Across all procedures the contact force found at the calcaneus did not vary more than 
±2.7% of the patient’s bodyweight.  Moving laterally from the first metatarsal, there was a 
general increase in plantar forces.  The smallest variance in plantar force was found during the 
use of the MCO procedure.  For the remaining procedures there was a reduction of force along 
the medial column (M1 and M2) and an increase of force along the lateral column (M3- M5) 
with the greatest ground reaction force increase at M5.  When the CCDA was used as the lateral 
column procedure the force on the lateral column was only slightly increased (6% reduction from 
other LCL procedures).  The greatest amount of plantar force increase was found at the 5th 
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metatarsal with the use of the MCO & Evans osteotomy procedures which was 0.185% more 
than the MCO and Z osteotomy procedure. 
Table 5-21:  Plantar force measurements at the calcaneus and the five metatarsals for P3 
divided into the medial (M1 &M2) and lateral (M3-M5) columns.  Values are presented as 
a percentage of the patient’s body weight to show force distribution across the foot. 
  Calcaneus M1 M2 M3 M4 M5 Medial Lateral Heel 
Pre-Op 51.6% 15.3% 2.3% 7.0% 10.4% 13.0% 17.6% 30.4% 51.6% 
MCO 49.8% 13.6% 1.1% 7.2% 11.1% 17.2% 14.7% 35.5% 49.8% 
Evans 51.4% 5.2% 0.0% 3.7% 12.4% 27.3% 5.2% 43.4% 51.4% 
CCDA 52.6% 10.9% 0.0% 4.8% 12.0% 19.7% 10.9% 36.5% 52.6% 
Z 51.4% 5.0% 0.0% 3.3% 12.8% 27.5% 5.0% 43.6% 51.4% 
MCO & Evans 49.0% 1.4% 0.0% 1.2% 10.7% 37.7% 1.4% 49.6% 49.0% 
MCO & CCDA 49.6% 7.7% 0.0% 3.7% 10.5% 28.5% 7.7% 42.7% 49.6% 
MCO & Z 49.1% 1.0% 0.0% 0.6% 11.8% 37.5% 1.0% 49.9% 49.1% 
 
Table 5-22:  Difference in plantar force measurements between each procedure and the 
pre-op model for P3. (Values are a percentage of the patient’s body weight).  Cell colors 
range from blue to yellow to red from lowest to highest value with 0% change as the 
median 
  Calcaneus M1 M2 M3 M4 M5 Medial Lateral Heel 
MCO -1.8% -1.7% -1.2% 0.3% 0.7% 4.2% -2.9% 5.1% -1.8% 
Evans -0.1% -10.1% -2.3% -3.3% 2.0% 14.3% -12.4% 13.0% -0.1% 
CCDA 1.0% -4.4% -2.3% -2.1% 1.5% 6.7% -6.7% 6.1% 1.0% 
Z -0.2% -10.3% -2.3% -3.7% 2.4% 14.5% -12.6% 13.2% -0.2% 
MCO & Evans -2.6% -13.8% -2.3% -5.8% 0.2% 24.7% -16.1% 19.2% -2.6% 
MCO & CCDA -2.0% -7.6% -2.3% -3.3% 0.1% 15.5% -9.9% 12.3% -2.0% 
MCO & Z -2.5% -14.3% -2.3% -6.4% 1.4% 24.5% -16.6% 19.5% -2.5% 
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Figure 5-10:  Difference in plantar force measurements between each procedure and pre-
op model values for P3.  “Medial” is the sum of M1 and M2.  “Lateral” is the sum of M3, 
M4, and M5.  Values are presented as percent of patient’s bodyweight. 
 The values for plantar fascia strain obtained from each procedure’s simulation were 
exported from SolidWorks and subtracted by the strain found in the intact condition (Table 5-24 
& 5-25).  With exception to the MCO, all procedures reduced the strain present in the posterior 
(“Base”) portion of the plantar fascia along the first three rays (Table 5-23).  The first incidence 
of an increase in plantar fascia strain increase was found at the 4th base vector for the MCO & 
CCDA combination procedure as the strain increased from 0.4% to 2.8%.  All procedures 
experienced an increase of strain at the 5th vector (average of 0.5%) strain which corresponded to 
the lateral edge of the plantar fascia with the greatest amount resulting from the MCO & CCDA 
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procedure (Table 5-23).  Strain in the anterior portion of the plantar fascia mimicked the trend 
shown for the posterior portion.  The MCO increased strain found in all portions except the 
anterior vector along the first ray of the plantar fascia with a peak strain found at the lateral edge 
as the strain increased from 2.9% to 6.9%.  The largest amount of plantar fascia strain was found 
at the lateral plantar fascia for all procedures where a lateral column procedure was performed.  
Here, the peak strain was found during the implementation of the combination MCO & Z 
osteotomy as the strain increased from 0.1% to 5.6%.  Even though there was a general increase 
in final ligament strain along the lateral column of the plantar fascia. 
Table 5-23:  Summary table describing the effects the surgical procedures imposed on 
ligament strain in the plantar fascia, spring and deltoid ligaments. 
Ligament Overall Trend 
Results from Lateral Column 
Procedures 
Effects of MCO 
combination 
Plantar 
Fascia 
↑ in all bands by MCO 
↓ in medial bands  
↑ in lateral bands 
Mostly amplified 
Spring ↓ in all bands by MCO 
↓ in IMCN & SMCN  
↑ in MCN for Evans and Z 
Mostly amplified 
Deltoid ↓ in all but TiTa-p for all procedures CCDA best at relieving strain 
Mostly amplified for 
all but CCDA 
 
Table 5-24:  Ligament strain in the plantar fascia for the pre-op model and each surgical 
simulation for P3.  “Base” is the posterior segments and “End” are the anterior segments. 
 Base1 Base2 Base3 Base4 Base5 End1 End2 End3 End4 End5 Lat1 Lat2 
Pre-Op 8.6% 6.7% 5.0% 2.8% 0.4% 5.4% 3.2% 4.6% 8.1% 2.9% 1.0% 0.1% 
MCO 8.8% 7.3% 5.8% 3.5% 0.8% 4.7% 3.5% 5.7% 9.7% 6.9% 2.9% 1.9% 
Evans 1.9% 1.0% 0.4% 0.7% 0.9% 0.9% 0.1% 1.0% 4.0% 0.3% 2.6% 3.6% 
CCDA 6.1% 4.6% 3.4% 2.3% 1.1% 3.2% 2.9% 3.3% 6.3% 4.2% 3.2% 2.7% 
Z 2.0% 1.1% 0.5% 0.8% 0.9% 1.0% 0.3% 1.1% 4.3% 0.4% 2.7% 3.7% 
MCO & 
Evans 
0.5% 0.5% 0.3% 0.6% 0.7% 0.0% 0.2% 0.5% 3.6% 0.3% 4.2% 5.5% 
MCO & 
CCDA 
5.9% 5.0% 4.0% 2.8% 1.2% 2.4% 3.6% 3.4% 8.1% 6.9% 4.9% 4.2% 
MCO & Z 0.8% 0.8% 0.6% 0.8% 0.8% 0.1% 0.5% 0.6% 4.2% 0.9% 4.4% 5.6% 
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Table 5-25:  Difference in ligament strain in the plantar fascia between the surgical 
simulations and the pre-op model for P3.  “Base” is the posterior segments and “End” are 
the anterior segments.  Cell colors range from blue (-20%) to yellow (0%) to red (20%). 
  Base1 Base2 Base3 Base4 Base5 End1 End2 End3 End4 End5 Lat1 Lat2 
MCO 0.1% 0.7% 0.8% 0.8% 0.4% -0.6% 0.3% 1.1% 1.6% 4.0% 1.8% 1.7% 
Evans -6.7% -5.7% -4.6% -2.1% 0.4% -4.4% -3.1% -3.6% -4.1% -2.6% 1.6% 3.5% 
CCDA -2.5% -2.1% -1.6% -0.5% 0.7% -2.2% -0.3% -1.3% -1.8% 1.3% 2.1% 2.6% 
Z -6.6% -5.5% -4.4% -2.0% 0.5% -4.4% -2.9% -3.5% -3.8% -2.5% 1.7% 3.6% 
MCO & 
Evans 
-8.1% -6.2% -4.7% -2.1% 0.3% -5.4% -3.0% -4.1% -4.5% -2.7% 3.1% 5.4% 
MCO & 
CCDA 
-2.7% -1.7% -0.9% 0.1% 0.8% -3.0% 0.4% -1.2% 0.0% 4.0% 3.9% 4.1% 
MCO & Z -7.8% -5.9% -4.4% -1.9% 0.4% -5.3% -2.7% -4.0% -3.9% -2.0% 3.3% 5.4% 
 
 The same measurement procedure performed for plantar fascia ligament strain was 
performed for the spring ligament and those values are shown below (Table 5-26 & 5-27).  Both 
the MCO and MCO & CCDA procedures produced a reduction of strain in all facets of the 
spring ligament (Table 5-23).  The remaining lateral column and combination procedures 
resulted in a reduction of strain in all portions of the spring ligament except for the first vector of 
the medial calcaneonavicular ligament with the greatest amount of strain increase being found 
for the Z osteotomy procedure as the strain increased from 25.8% to 39.0%.  The use of lateral 
column procedures also resulted in the greatest amount of strain reduction along the 3rd and 4th 
vectors of the superomedial calcaneonavicular ligament.  On average these two ligaments 
experienced a 19.8 and 18.8 % strain decrease with the MCO & Evans combination procedure 
reducing the strain more than the other four procedures.  Unlike the plantar fascia, the strain in 
all portions of the spring ligament remained above the initial 4% in situ strain placed on the 
structures.   
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Table 5-26:  Spring ligament strain for pre-op model and each surgical simulation for P3. 
 IMCN1 IMCN2 MCN1 MCN2 SMCN1 SMCN2 SMCN3 SMCN4 
Pre-Op 35.9% 31.6% 25.8% 25.9% 26.4% 32.9% 35.5% 29.8% 
MCO 23.7% 20.6% 15.5% 16.3% 16.7% 21.6% 25.2% 23.1% 
Evans 31.2% 29.4% 37.6% 22.0% 20.6% 19.2% 11.6% 6.3% 
CCDA 15.7% 19.1% 26.0% 20.2% 19.8% 22.1% 19.9% 15.3% 
Z 33.7% 31.2% 39.0% 23.0% 21.6% 20.1% 12.3% 6.5% 
MCO & Evans 28.0% 26.4% 38.0% 21.4% 19.9% 18.8% 11.0% 6.0% 
MCO & CCDA 11.4% 15.7% 25.1% 18.9% 18.4% 20.6% 18.2% 14.0% 
MCO & Z 29.9% 27.7% 37.9% 21.8% 20.3% 19.1% 11.4% 6.3% 
 
Table 5-27:  Difference in spring ligament strain between each surgical simulation and the 
pre-op model for P3.  Cell colors range from blue (-20%) to yellow (0%) to red (20%). 
 IMCN1 IMCN2 MCN1 MCN2 SMCN1 SMCN2 SMCN3 SMCN4 
MCO -12.2% -11.0% -10.3% -9.7% -9.6% -11.3% -10.3% -6.7% 
Evans -4.7% -2.2% 11.8% -3.9% -5.8% -13.7% -23.9% -23.6% 
CCDA -20.2% -12.5% 0.1% -5.8% -6.6% -10.8% -15.6% -14.5% 
Z -2.3% -0.4% 13.1% -2.9% -4.8% -12.8% -23.3% -23.3% 
MCO & Evans -7.9% -5.2% 12.1% -4.5% -6.4% -14.1% -24.5% -23.9% 
MCO & CCDA -24.5% -15.9% -0.8% -7.1% -8.0% -12.3% -17.3% -15.8% 
MCO & Z -6.0% -4.0% 12.1% -4.2% -6.0% -13.8% -24.1% -23.5% 
         
  Similar to the spring ligament, the MCO decreased strain within the bands of the deltoid 
ligament (Table 5-28 & 5-29).  This relief effect provided by the MCO was translated throughout 
the remaining procedures as the relief provided by the MCO was combined by the relief created 
by the lateral column procedures (Table 5-23).  When combined with a lateral column procedure 
the strain was less than when the lateral column was used alone.  The lateral column procedures 
increased the strain present in the tibiocalcaneal, tibiospring, and posterior portion of the 
tibiotalar ligaments primarily with the CCDA and combination MCO & CCDA procedure.  The 
posterior portions of the tibiotalar ligaments was the only ligament that sustained a greater than 
1.8% increase in strain.  In this band, the MCO & Evans combination produced the greatest 
increase in ligament strain (from 0% to 3.4%).  The greatest overall reduction in strain was found 
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along the bands of the tibionavicular and tibiospring ligaments with the MCO & Evans 
combination procedure again producing the greatest reduction in strain (35.7% to 1.8%).  Even 
though there was an overall reduction in strain between the surgical procedure and the pre-ope 
model, the tibionavicular ligaments continued to experience a large amount of strain ranging 
18.9% to 28.6% when the MCO, CCDA, and combination MCO & CCDA procedure were used.  
Unlike the spring ligament, there were some portions of the deltoid ligament (tibionavicular 
during applications of the Evans and Z with and without the MCO and the anterior and posterior 
bands of the tibiotalar ligament during application of the Evans, CCDA and Z alone and with the 
MCO) where the final strain in the ligament was 0% and multiple other occasions where the 
strain was below the initial in situ strain applied to the ligament. 
Table 5-28:  Deltoid ligament strain in the pre-op model and each surgical simulation for 
P3. 
  TiCa1 TiCa2 TiNa1 TiNa2 TiSp1 TiSp2 TiTa-A TiTa-P1 TiTa-P2 
Pre-Op 9.9% 6.9% 17.1% 35.7% 26.3% 7.9% 5.1% 0.0% 0.0% 
MCO 5.1% 2.8% 14.1% 28.6% 20.9% 3.2% 2.6% 0.0% 0.0% 
Evans 6.8% 7.8% 0.0% 10.5% 9.3% 6.4% 0.0% 2.1% 0.0% 
CCDA 10.1% 9.6% 8.6% 24.1% 18.4% 9.8% 0.0% 0.3% 0.0% 
Z 7.0% 8.1% 0.0% 10.5% 9.4% 6.6% 0.0% 2.2% 0.0% 
MCO & Evans 4.0% 5.7% 0.0% 1.9% 3.2% 4.3% 0.0% 3.4% 2.2% 
MCO & CCDA 8.3% 8.9% 4.1% 18.8% 14.7% 8.8% 0.0% 2.2% 0.0% 
MCO & Z 4.2% 6.0% 0.0% 2.5% 3.6% 4.6% 0.0% 3.3% 1.8% 
 
  
91 
 
Table 5-29:  Difference in deltoid ligament strain between each surgical simulation and the 
pre-op model.  Cell colors range from blue (-20%) to yellow (0%) to red (20%). 
  TiCa1 TiCa2 TiNa1 TiNa2 TiSp1 TiSp2 TiTa-A TiTa-P1 TiTa-P2 
MCO -4.8% -4.2% -3.0% -7.2% -5.3% -4.7% -2.6% 0.0% 0.0% 
Evans -3.1% 0.9% -17.1% -25.3% -17.0% -1.5% -5.1% 2.1% 0.0% 
CCDA 0.2% 2.7% -8.5% -11.6% -7.9% 1.9% -5.1% 0.3% 0.0% 
Z -2.9% 1.2% -17.1% -25.3% -16.9% -1.3% -5.1% 2.2% 0.0% 
MCO & Evans -5.9% -1.2% -17.1% -33.9% -23.1% -3.6% -5.1% 3.4% 2.2% 
MCO & CCDA -1.6% 2.0% -13.0% -16.9% -11.6% 0.9% -5.1% 2.2% 0.0% 
MCO & Z -5.7% -0.9% -17.1% -33.3% -22.6% -3.3% -5.1% 3.3% 1.8% 
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6. Discussion 
 
This thesis presented data obtained from the addition of multiple surgical procedures used 
to treat AAFD to an established set of computation models corresponding to a patient cohort of 6 
patients clinically diagnosed with AAFD.  In all, seven simulations were performed with each 
patient model to span the four individual procedures and three combination procedures.  All 
simulations converged without issue but as noted in the article written by Lee et al., subluxation 
of the calcaneocuboid joint occurred in rare occasions for the Evans and Z osteotomies (13).  
Generally, all procedures but the MCO provided reduction to the AAFD deformity across all 
radiographic measures as the values were within one standard deviation of the normal 
population.  The only measure where all surgical procedures could not alleviate the AAFD 
deformity was the talonavicular angle.  Overcorrection of the flatfoot deformity is a critical point 
for clinicians during the implementation of all surgical procedures.  In hopes to capture and 
report its occurrence, each radiographic measure was calculated and analyzed to determine if 
overcorrection did in fact occur.  Overcorrection was reported if the post-operative radiographic 
measurement surpassed the mean value of the normal population.  These occurrences can be 
found in Table 5-3 and 5-5 where procedure produced over 100% correction for a particular 
measure and in Figures 5-1 and 5-2 where the values in the bar graphs can be visually seen to 
surpass the normal population average when correcting from the pre-operative state.  When the 
amount of correction produced by a procedure lies within one standard deviation of the normal 
population, it may be considered to adequately correct rather than overcorrect or undercorrect.  
However, special consideration needs to be afforded to the cases where negative angular 
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measurements were recorded as overcorrection is certain.  When looking specifically at the 
distance measures averaged across all patients, the Evans osteotomy was shown to have the 
greatest effect, specifically when combined with the MCO.  The other lateral column procedure 
of note was the Z osteotomy which had the greatest ability to reduce the talonavicular 
uncoverage distance and the height of bones along the lateral column, specifically the cuboid 
height.  This trend was reflected in the angular measurements of the AP view as the MCO & Z 
osteotomy provided the greatest overall reduction of forefoot abduction.  This same procedure 
was the most efficient at reestablishing the medial longitudinal arch as shown by ML talar 1st 
metatarsal and talar declination angles.  The greater ability of the Z osteotomy to provide 
stability to the talus matches the findings reported by Scott et al (38).  In their work, the 
researchers described the surgical procedure in depth while presenting the inherent complications 
associated with the Z osteotomy as they looked for alternatives to the commonly used Evans 
osteotomy.  After reviewing case studies regarding the increased healing rates of the Z 
osteotomy the researchers began performing the procedure in their own practice.  They 
postulated that there was an increased moment arm created with between the talonavicular joint 
and the location of the procedure producing a greater overall adduction of the forefoot and 
subsequent increased stability of the talus (38).  When moving anteriorly, the locations of the 
Evans and CCDA procedures continue to decrease the moment arm reducing the amount of 
abduction achieved by the forefoot.  The Evans osteotomy was only slightly able to outperform 
the Z at increasing calcaneal pitch.  The CCDA was able to correct AAFD deformity with a 
greater efficiency than the MCO but was not able to match the results shown by the Evans and Z 
osteotomies.  A hypothesis to this finding, though not proven by this work, could be due the 
increased strain present in the peroneal tendons.  During the Z osteotomy procedure, the tendon 
courses guiding the path of the force vectors are medially rotated with the cut segment and the 
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entire forefoot reducing the tension in the distal portions PL and PB.  In the case of the Evans 
osteotomy, the tendon courses are not altered from the original orientation so when the forefoot 
is adducted there is an increased strain in the peroneal tendons increasing the inversion of the 
foot denoted by the heights of the medial column and the calcaneal angles.  These results 
demonstrated the ability of the Z osteotomy to provide better correction of the forefoot adduction 
deformity than the other lateral column procedures.   
When analyzing the efficiency of the procedures from patient to patient, similar trends 
were shown in that angles corresponding to the medial column (ML talo 1st metatarsal angle, 
talar declination angle, and calcaneo 1st metatarsal angle) received greater correction from the 
MCO & Z while the Evans osteotomy had more of an effect on the calcaneal pitch and 
talocalcaneal angle with and without the MCO.  The success and nearly identical results of these 
two procedures agree with the findings of Griend et al. and Roush in that the Z osteotomy and 
Evans osteotomy can be interchanged with one another (37,36).  These procedures provided 
similar correction as they both involved corrections of AAFD in three dimensions with the main 
differences involving their moment arm and healing rate (38,17).  Griend et al. also believed that 
the Z osteotomy possessed that ability to have a smaller wedge inserted into the calcaneus while 
providing similar results, however, this study did not test for that situation (37).  In the patients 
where the success of the Evans and Z slightly varied, it was found that the Evans osteotomy 
corrected better in the cases where there was increased amounts of degradation in the deep 
portions of the deltoid as denoted by a decreased MRI.  The Z osteotomy was also more efficient 
when more correction was needed. 
To try to explain the lack of correction produced by the MCO the degradation of the 
plantar fascia was analyzed.  However, the impact of plantar fascia degradation was clear as P2 
and P4 both had success without the use of the MCO but had very different plantar fascia signal 
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values (P2 with a tear and P4 with no attenuation).  The lack of correction of the MCO was 
explained by Trnka et al. and Horton et al. in that the plantar fascia does not actually engage in 
providing an increased tensile force to raise the medial column but instead after initial elongation 
the plantar fascia the ligament undergoes stress relaxation and loses its increased tension (44,45).  
This was demonstrated in the results obtained in the plantar fascia ligament strains.  The MCO 
caused an initial increase in ligament strain but then relieved its tension over the course of the 
simulation the plantar fascia relaxed and in some cases became slack in the medial anterior and 
posterior bands.  As shown in the results and originally explained by Arangio et al. the MCO 
relieves the excess tension within the soft tissue structures of the medial column as the weight is 
redistributed to the lateral aspect of the foot (17).  Due to the stress relaxation of the plantar 
fascia and the primary action of the MCO is to shift weight from the medial to lateral column.  
Due to this mechanism of action the long term success of the MCO is in question as was 
described by Bolt et al who found that the success of the lateral column procedures persist over 
the long-term status of the patient with a decreased reoperation rate when compared to the MCO 
(46).   
Even with an overall agreement between the patient specific and averaged results, a few 
exceptions remained limiting the ability to select a single procedure per patient which is similar 
to Ellis et al. who found it difficult to discern final results from initial patient demographics (23).  
The largest discrepancy was found when the addition of the MCO would actually decrease the 
effects provided by the lateral column procedures.  Various distance and angular measurements 
across all patients were found to have better correction when only a lateral column procedure 
was used.  This finding is in opposition of the point made by Chan et al. who said the success of 
the lateral column procedure was dependent on the amount of MCO correction (47).  A possible 
hypothesis for this difference could be based on the bony anatomy of the patients.  During the 
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implementation of the lateral column procedures the cut segment of the calcaneus, and 
sometimes the cuboid, interact with the navicular and talus increasing their respective heights 
and altering their angular measurements.  However when the MCO added, the bones along the 
medial column may be raised removing the interaction between the calcaneus and cuboid thus 
reducing their radiographic effects.  This may be reflective in the data from P4 where all distance 
and angular measures of P4 (except for the1st cuneiform 5th metatarsal height and talonavicular 
angle) received better correction when the MCO was not used.  P4 had signs of a previously 
performed MCO (not used in the treatment of AAFD) which could have already impacted the 
bony interaction present when scanned by the MRI (4).  If the results of the MCO were already 
reflective in the bony anatomy the modeling of the MCO in our simulations with a lateral column 
procedure could have removed all bony interaction.  The only case where a single procedure was 
able to be chosen for a patient was P3 where they would have benefited most from the 
combination procedure of the MCO & Z as 12 out of the 14 measures showed the greatest 
improvement from this procedure.   
The changes in joint contact and ground reaction force mirror the trends as described in 
the literature (23,48,49,50,51).  All simulations but those that involved the CCDA relieved the 
joint contact forces along the medial column.  The CCDA is thought to increase contact forces at 
the talonavicular and navicular 2nd metatarsal as there is an increase in bony interaction between 
the cuboid and navicular to raise the medial longitudinal arch.  The increased interaction caused 
a minor increase in contact during the simulations between the joints in the lateral column.  As 
expected, the Evans and Z osteotomy significantly increased contact forces at the calcaneocuboid 
joint.  However with an increase up to 4x the patient’s body weight there is an extremely high 
probability that degenerative or arthritic changes will occur at the joint interface.  All procedures 
increased the force between the cuboid and the 5th metatarsal (1x patient’s bodyweight) which 
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could also lead to pain and arthritic changes.  With the lateral column forces of the Z osteotomy 
procedure being almost equivalent to those measured for the Evans osteotomy, the results from 
this study’s simulations conflict with the initial findings of Griend et al who said the Z osteotomy 
does not overload the lateral column as none of the eight patients who received the Z osteotomy 
complained of lateral foot pain (37).  However, a firm conclusion between this study and that 
from Griend et al. cannot be reached as the researchers had not yet obtained a 2 year follow up.  
The ground reaction forces also displayed a shift in force from the medial column to the lateral 
column.  Prior to surgery the patient experienced 30% of their body weight at the lateral edge of 
the foot but after the implementation of the surgical procedures that percentage increased over 
19% to 50% of the patient’s body weight when the MCO & Z were used.  The adduction of the 
forefoot as well as the translation of the posterior tuberosity of the calcaneus caused the patients’ 
weight to shift laterally while reducing the force carried along the medial column.  The 
combination of the MCO and lateral column procedures amplified the effects with the ground 
reaction and joint contact force.  The increase in loading along the lateral edge can manifest in 
pain for the patient during their long term follow up.  Although not explored in this study, it has 
been found that the addition of medial column procedures such as a tarsometarsal arthrodesis or 
cotton osteotomy could reduce lateral forefoot loads (52).  However the implementation of the 
medial column procedures also limits the correction of the ML and AP talar 1st metatarsal and 
talonavicular angle as plantar flexion is reduced limiting the rise of the first metatarsal (53). 
 The ligament strains were analyzed only during equilibrium to illustrate the state the soft 
tissue elements in the foot after each procedure.  The results showed that there was an increase in 
strain experienced by the lateral bands of the plantar fascia after the use of a lateral column 
procedure and a minute increase in the medial bands if an MCO was applied which is in 
agreement with the results stated by Horton et al. as they found an increase in lateral strain in all 
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procedures (MCO and lateral column) while the medial bands were not tightened by the MCO 
and in fact showed slack with the lateral column procedure.  A higher strain increase was found 
with the Evans and Z osteotomy procedures than with the CCDA, however the CCDA did not 
relieve as much strain on the medial bands.   
 Similar trends regarding the reduction of ligament strain throughout the simulation were 
displayed in the spring ligament as well.  The spring ligament also received significant reduction 
of strain across its elements with exception to the medial calcaneonavicular ligament which 
exhibited an increase in final strain when a lateral column lengthening procedure was performed.  
The Evans and Z osteotomy significantly increased the ligament strains while the CCDA barely 
increased ligament strain if at all.  This could be explained by the fact that the during the CCDA 
procedure the cuboid comes into contact with the navicular providing bony support and thereby 
reducing the load felt by the ligaments (13).  The MCO relieved strain in all bands of the spring 
ligament as indicated in the article by Otis et al. who found a reduced strain in the superomedial 
spring ligament in their sample of nine cadaveric limbs (54).  These effects were of importance 
when the MCO was used in conjunction with the Evans & Z as the increase in strain due to 
Evans & Z was moderately reduced by the MCO.  One key difference between the plantar fascia 
and the spring ligament is that the strain in each band remained over 6% while exceeding 25% in 
multiple bands which could lead to ligament rupture and degenerative changes in the long term. 
 The deltoid ligament experienced a reduction in strain along all bands after all 
procedures.  However, the amount of strain reduction varied for each band and procedure.  The 
tibial navicular bands received the greatest reduction in strain at around 30% while other bands 
had a 5% reduction of strain.  With exception to the MCO, CCDA, and the combination MCO & 
CCDA procedure the surgical procedures were able to reduce the strain in the tibial navicular 
ligament to >10% while these three procedures had, at minimum, a 19% strain.  The increased 
99 
 
ability of the Evans and Z osteotomies to reduced strain in the deltoid ligament stems from its 
ability to provide stability to the talonavicular joint as noted by Arangio et al. and Scott et al 
(17,38).  Even though a large reduction of strain reduces the stability of the ankle for a short 
period of time due to laxity of the ligaments the structures are allowed to remodel themselves to 
shorten their length regain their strength.  With the greatest reduction of strain in the 
tibionavicular and tibiospring ligaments the talocalcaneal joint and talar head are not as 
supported and the foot may experience excessive plantar flexion and external rotation (11). 
 Each surgical procedure modeled within these simulations is used clinically but their 
combination is not as common.  Inclusion of combination procedures in the simulations may 
provide supplemental information when determining a method of treatment.  As previously 
mentioned, each patient receives a tendon transfer of either the FHL or the FDL and is often 
combined with the MCO (60).  The MCO is typically the first bony procedure of choice by 
physicians due to its ability to reduce the added tension applied to the soft tissue structures of the 
medal column.  The MCO is also the only procedure that provides hindfoot correction.  Lateral 
column procedures are reserved for select cases of severe deformity as the increased loads along 
the lateral column are cause for hesitation.  As shown earlier, with occurrence in approximately 
5% of cases, the combination of all three procedures (tendon transfer, MCO, and one of the 
lateral column procedures) is rare in use is but implemented in the most severe cases of stage II 
AAFD (60).  Although infrequent in use, the addition of this triple procedure to this study served 
to illustrate the amplified magnitude of correction as well as the post-operative drawbacks found 
when all procedures are used in concert. 
 There were a couple limitations and a possible sources of error for this study.  The 
acquisition of the radiographic measurements is a subjective measure as it relies on the 
researchers’ or clinicians’ ability to recognize the bony landmarks referenced for each measure.  
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These intra and inter observer errors can produce two different sets of measurements between 
researchers within.  In some cases, minor differences can even occur if one researcher is asked to 
measure the same view twice.  The initial implementation of the lateral column procedures were 
modeled specifically from descriptions in the literature.  However, the internal rotation or 
adduction of the forefoot had to be artificially created removing all interference between the 
calcaneus and the cuboid.  The adduction of the forefoot was performed as one gross movement 
to mimic the pathological movement of the forefoot as closely as possibly but may not be 
entirely accurate rendering the simulation vulnerable to possible errors.   
In these simulations the initial stiffness values for all ligaments were averaged across the 
diverse values obtained from the literature as values specific to a given patient are unknown.  
Although attenuation values were applied to replicate the AAFD condition, the exact stiffness 
values of each soft tissue structure were not known.  Limitations to this study are also present in 
muscle loading as we only simulated those forces applicable to midstance of gait again based on 
values obtained from the literature.  The literature averaged values for ligament stiffness and 
muscle action only capture a single portion of the tissue mechanical behavior curve.  With that 
being said, the application of these literature averaged values impacts the overall accuracy of the 
models to replicate the patient specific nature of the models used.  Ligament stiffness and muscle 
activation present within a given patient at the time of the initial clinical examination also 
influences the physicians’ choice of surgical procedures due to the fact that the corrective 
movements of the bones within the midfoot caused by either the Evans and Z osteotomy requires 
the soft tissue constraints to permit the movements.  In cases with low ligament stiffness, a 
reduced amount of correction is seen with the Evans and Z osteotomies thusly influencing the 
clinicians to select the CCDA as it does not rely as heavily on ligament tension. 
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Another limitation to this study was the small size of the patient cohort which rendered it 
difficult in some cases to formulate trends regarding the effectiveness of the procedures based on 
primarily patient demographics (i.e. original presentation of the deformity in terms of bony 
misalignment and soft tissue degradation).  
102 
 
 
7. Conclusion and Future Directions 
 
The modeling techniques employed in this study utilized the robust nature of 
computational modeling to expand upon the previous state of investigation to include multiple 
procedures used in the treatment of AAFD.  The models have been found to adequately depict 
the foot and ankle kinematics produced after the implementation of said surgical procedures 
allowing for analysis into their effectiveness as a procedure overall and on a patient specific 
basis.  In particular, these simulations were able to illustrate corrective trends described in the 
literature for each procedure while demonstrating varying magnitudes of success, when varying 
from patient to patient, as seen clinically.  The simulations also yielded the ability to investigate 
the soft tissue strains, joint contact forces, and ground reaction forces produced by the new bony 
configurations. 
It was found that the use of lateral column procedures with the MCO provided a greater 
ability to correct the deformity of the midfoot and hindfoot associated with AAFD.  When the 
results were averaged across patient population for each procedure it was found that the 
corrective ability of the lateral column procedure was slightly improved when combined with the 
MCO.  It was found that the Evans increased the height of the medial longitudinal arch as it had 
a greater ability to increase the calcaneal and talocalcaneal angles while the Z achieved medial 
column stability was it improved the talar 1st metatarsal (AP & ML) talar declination angles.  All 
procedures shifted force off of the medial aspect of the forefoot to the lateral side providing 
relieve to the ligament structures of the spring and deltoid ligaments and the plantar fascia.  
Along with the increase in lateral forefoot loading there was also an increase in joint contact 
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forces along the lateral column which could lead to pain and degenerative changes to the bony 
structures.  The MCO showed more affect at reducing the amount of ligament strains produced 
by the lateral column procedures but amplified the increase of joint and ground reaction forces 
along the lateral column.   
With the occurrences of subluxation at the calcaneocuboid joint and the over correction 
of the medial longitudinal arch height and forefoot abduction it can be concluded that the initial 
patient condition needs to be taken into account prior to the selection of the surgical procedure.  
In cases with a less severe amounts of soft tissue degradation, arch collapse, and forefoot 
abduction the size of the wedges used in the lateral column procedures can be reduced to prevent 
overcorrection of the medial longitudinal arch as well as the reduction of lateral forefoot 
pressures.  Despite its limited ability to correct for the flatfoot deformity MCO should 
continually be used as an initial surgical procedure as the transference in weight to the lateral 
column relieves the soft tissue structures of the medial column which can prolong the further 
onset of chronic effects of AAFD. 
In the future, this work would benefit from some additions and be expanded upon to 
investigate new scenarios.  The first major improvement to the model setup is the determination 
of patient specific ligament stiffness values which is being investigated now.  With patient 
specific ligament stiffness values, the results of the simulations would be more representative of 
the behavior that would occur after surgery.  Additionally, the work can be expanded to 
investigate different sizes of wedges used in the lateral column procedures while varying the size 
of the MCO as investigated by Spratley et al. in hopes to minimize the occurrence of 
overcorrection of the medial column height and the forefoot adduction (10).  This model can also 
be modified to investigate the forces and ligament strains that occur during the surgical 
procedures themselves.  For example, the cut on the calcaneus for the Evans osteotomy would 
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create an opening approximately 1 or 2 mm.  The simulation would then model the insertion of 
the wedge to visualize how the bones of the foot move during insertion as well as the forces that 
occur at the talonavicular joint and the ligament strains in the plantar fascia, and spring and 
deltoid ligaments.  The simulation of surgical procedures could then be paired with the loading 
scenarios investigated in this study to create a simulation as nearly identical to the surgical 
procedures and subsequent bony movement.  With the increase in complex loading scenarios the 
model would also benefit from the automation of some aspects of model creation, specifically 
creation of the soft tissue constraints and the collection and exportation of post simulation data. 
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